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ABSTRACT
SOMATOSTATIN REGULATES CIRCADIAN CLOCK FUNCTION
AND PHOTIC PROCESSING
Deborah A.M. Joye, B.Sc.
Marquette University, 2022
Daily and seasonal rhythms are programmed by neural circuits that use daily
timing and duration of light to anticipate predictable environmental changes (i.e., day
length, temperature, food, predation). Daily and annual changes in light modulate human
health to produce both positive and negative effects, but neural mechanisms underlying
light-driven changes in the brain remain poorly understood. In mammals, light is
processed and encoded by the brain’s central clock, the suprachiasmatic nucleus (SCN).
The SCN also encodes day length (i.e., photoperiod) to regulate annual fluctuations in
mammalian physiology, but it’s not clear precisely how the SCN network achieves this.
One signal that may contribute to SCN photoperiod encoding is the neuropeptide
somatostatin (SST). In rodents, SST expression is modulated by photoperiod in
hypothalamic regions regulated by the SCN, suggesting involvement of the central clock.
The SCN expresses SST but its role in central clock function and photoperiodic encoding
has not been examined. Here, using a range of genetic and imaging approaches, I
demonstrate that SST signaling increases circadian robustness in a sexually dimorphic
manner. First, I use cellular fate-mapping approaches to demonstrate that SCN SST is
regulated by photoperiod in a manner that suggests de novo Sst transcription. Next, I use a
battery of circadian behavioral assays to demonstrate that SST contributes to
photoperiodic entrainment and circadian responses to light in a manner influenced by
sex. However, lack of SST does not alter basic circadian properties, suggesting that SST
signaling modulates specific circadian characteristics under particular conditions. Third, I
demonstrate that SST regulates SCN neurochemistry via influence on neurons that
mediate photic responses. Further, those same cells express a subtype of SST receptor
capable of resetting molecular clock function. Last, I demonstrate that lack of SST
enhances SCN photoperiodic encoding by modulating photic processing and network
communication in a sex-dependent manner. Collectively, these results provide new
insight into mechanisms that regulate seasonality and circadian clock function in
mammals. The discovery of sexually divergent clock circuits may provide new insights
relevant for understanding gender disparities in seasonal/circadian disease states.
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CHAPTER I
INTRODUCTION
I. Dissertation Overview
The spin of Earth on its tilted axis creates predictable periods of light and dark that
change across the year. The ability to predict and preemptively adjust to such
environmental cycles markedly increases an organism’s ability to survive. Thus, most
organisms on Earth have developed an endogenous timekeeping system that synchronizes
daily and annual biology with environmental conditions. In mammals, daily (i.e.,
circadian) rhythms regulate a wide variety of biological processes including sleep,
locomotor activity, cognitive performance, body temperature, metabolism, cardiovascular
function, hormone secretion, and protein synthesis (Panda et al., 2002; Reppert &
Weaver, 2002). Timing biological processes to occur at the most beneficial time in a given
environment can drastically increase an organism’s fitness (DeCoursey & Krulas, 1998;
Dodd et al., 2005; Ouyang et al., 1998; Pittendrigh & Minis, 1972).
Endogenous timekeeping also regulates annual rhythms that include changes in
reproduction, metabolism, immune function, cardiovascular function, sleep, mood, and
cognition. Notably, both humans and animals exhibit individual variation in degree of
seasonality (i.e., sensitivity to changes in day length). Some individuals respond to
seasonal changes strongly, while others don’t respond at all, and sensitivity often changes
across the lifespan. Seasonal rhythms have been demonstrated in human cognition (Lim
et al., 2018; Meyer et al., 2016), neuropsychiatric symptoms (Christodoulou et al., 2012;
Hinterbuchinger et al., 2020) and physiological processes (Dopico et al., 2015; Wucher et
al., 2022), suggesting that annual changes in light produce far-reaching changes in the
brain. Yet the precise mechanisms underlying seasonal timekeeping in the brain remain
unclear.
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Daily and annual rhythms are programmed by the circadian timekeeping system
(Mohawk et al., 2012). The mammalian circadian system consists of tissue clocks
throughout the body that are coordinated by the suprachiasmatic nucleus (SCN) of the
hypothalamus. This central clock processes light informatioj (i.e., photic input) from the
retina to encode both daily time and day length (i.e., photoperiod). The SCN is necessary
for daily rhythms and plays a central role in the circadian system (Evans & Silver, 2016;
Weaver, 1998), functioning as an oscillator, a pacemaker, and a clock (Figure 1.1). First,
SCN cells form a neural network capable of sustaining circadian rhythms in genetic,
cytosolic, and electrical function. Second, the SCN is a central pacemaker that provides
time of day and day length cues to the brain and body to maintain temporal homeostasis
(i.e., internal alignment). Last, the SCN processes light inputs to adjust the circadian
system to the changing environment (i.e., external alignment). While the SCN does not
require photic input for timekeeping, the ability to encode photic conditions allows it to
align the circadian system to the 24 h day, time zone, and season. Photic processing by the
SCN drives adaptive adjustments in behavior and physiology across the day and year, but
changes in light can also disrupt circadian function to cause pathology (Evans & Davidson,
2013). Due to its central role in the circadian system, understanding SCN function is
critical for deciphering the difference between circadian plasticity and pathology.
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Figure 1.1. The SCN is a circadian oscillator, a central pacemaker, and a light-responsive
clock. Three features important for SCN function are that it processes photic inputs to adjust
the circadian system to the external environment, displays intrinsic rhythms, and provides
outputs to downstream clock tissues to maintain internal homeostasis.

The SCN produces many signaling factors. All SCN neurons produce gammaaminobutyric acid (GABA), but cells differ in neuropeptide expression and other cell-type
markers (Wen et al., 2020), forming distinct subclasses that differ in function. The SCN
synthesizes more than 25 different neuropeptides (van den Pol & Tsujimoto, 1985) and
only a few have been the topic of systematic investigation, namely vasoactive intestinal
polypeptide (VIP), arginine vasopressin (AVP), and gastrin-releasing peptide (GRP). My
dissertation focuses on the role of the neuropeptide somatostatin (SST) in the SCN. A
subset of SCN cells express SST, though how this peptide modulates SCN function is not
clear. Early studies in rats demonstrate that SST is rhythmically expressed in the SCN with
a peak during the day (Shinohara et al., 1991), and can alter SCN rhythms in vivo and ex
vivo (Fukuhara, Inouye, et al., 1994; Fukuhara, Nishiwaki, et al., 1994; Hamada et al., 1993).
More recent work suggests SST signaling is involved in brain changes caused by seasonal
day lengths (i.e., photoperiodic changes). In non-SCN regions of the hypothalamus, SST
expression is modulated by photoperiod and increases under long “summer-like” days
(Dulcis et al., 2013). Since the SCN encodes and transmits day length information,
photoperiodic modulation of SST in hypothalamic regions regulated by the SCN suggests
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involvement of the central clock. Although the SCN expresses SST, it is unknown if it
likewise varies with photoperiod or if SST participates in photoperiodic modulation of
daily rhythms or SCN function.
To address this gap in understanding, my dissertation investigates the role of SST
in circadian behavior and the SCN circuit across seasonal photoperiods. In the following
introduction, I first provide a primer on the cellular and network mechanisms of SCN
circuit function and photoperiodic encoding, including an overview of its downstream
regulation of neuroendocrine and cognitive function. I then discuss evidence of SST’s role
in seasonal plasticity, current understanding of SST signaling in the SCN circuit, and the
role of SST in modulating neuroendocrine and cognitive function. Finally, I provide an
overview of the work presented in this dissertation. Briefly, my dissertation addresses
three main questions. First, is SCN SST modulated by photoperiod? I address this question
in Chapter 2, pairing genetic and immunohistochemical assays to determine when and
where SST is expressed in the SCN and evaluating photoperiodic changes. Second, does
SST signaling influence circadian behavior? I address this question in Chapter 3 by testing
how SST modulates photic processing, entrainment, and seasonal encoding using
circadian behavioral assays. Third, does SST signaling modulate SCN function and
neurochemistry? I address this question in Chapter 4 by combining genetic,
immunohistochemical, and real-time imaging assays of central clock function. Finally, in
Chapter 5, I discuss how my work intersects with and expands existing literature on
seasonal SCN circuitry, photoperiodic encoding, and implications for health.
This body of work advances scientific understanding in several ways. First, I
discovered a novel clock circuit motif, providing deeper insight into SCN subcircuits that
change with photoperiod. Second, I revealed the novel influence of SST within the SCN,
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increasing insight into peptide regulation and how the central clock encodes day length.
This is notable because it reveals regulation of the central clock by a new functional
subclass of SCN neuron and expands understanding of how peptides can dynamically
regulate the network under different conditions. Third, my work reveals interesting sex
similarities and differences in the role of SST in the SCN and suggests fundamental sex
differences in the SCN circuit itself. Taken together, my work identifies novel factors and
subcircuits within the SCN by revealing that SST influences photic processing and
photoperiodic encoding in the central clock.
II. The neurobiology of daily timekeeping
The SCN is necessary for circadian rhythms and their photoperiodic modulation.
This dissertation is primarily focused on SCN photoperiodic timekeeping, which first
requires an introduction to the SCN as daily timekeeper. The SCN contains roughly
20,000 neurons and displays intrinsic timekeeping on the molecular, cellular, and
network levels. SCN neurons display cell-autonomous rhythms in gene expression, firing
rate, and calcium flux that are driven by a molecular mechanism (Hastings et al., 2018).
SCN neurons communicate with one another via intercellular signals, including GABA and
neuropeptides that are necessary for network-level timekeeping in the SCN. The SCN uses
neuropeptide and GABA signaling to respond to photic input, propagate information
throughout the network, and organize SCN cellular relationships (Evans et al., 2013;
Freeman et al., 2013; Hastings et al., 2018). SCN neurons synthesize many signals and can
be classified into different subgroups that may play distinct roles in the network. The SCN
is also connected to a wide variety of brain regions, especially within the hypothalamus,
subcortical regions, and the brainstem (Abrahamson & Moore, 2001), indicating that the
SCN regulates various physiological systems. Overall, the central clock of the SCN exhibits
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unique network properties that enable it to respond to and encode daily and annual
changes in light, thereby functioning as the body’s central clock and calendar.
Circadian rhythms at the formal and behavioral levels
Circadian rhythms are typically defined by several parameters, including period,
phase, amplitude, and waveform. Here I provide a brief overview of those definitions
(Figure 1.2). Daily time cues can align circadian rhythms with the environment (i.e.,
entrainment). However, circadian rhythms do not require photic input and can maintain
endogenous “free-running” rhythms in constant conditions (Figure 1.2A). The period of a
rhythm is the duration of one full cycle and is typically quantified under free-running
conditions devoid of exogenous time cues. Phase is the timing of a rhythm, typically
quantified as one specific timepoint (e.g., onset of locomotor activity or peak of peptide
expression). Phase angle of entrainment describes the difference between the phase of an
endogenous rhythm (e.g., the end of locomotor activity) and that of the entraining
stimulus (e.g., lights on/dawn). A phase shift describes the size and direction by which an
external stimulus resets a rhythm, either shifting it later (phase delay) or earlier (phase
advance) on subsequent cycles (Figure 1.2B). Last, amplitude is the magnitude of change
across one cycle (Figure 1.2A), and waveform describes the shape of the rhythm (Figure
1.2C). Although changes in phase are most well-studied, the amplitude, waveform, and
period of a rhythm can also be altered by external stimuli in a phase-dependent manner.
When examined in behavior, the above parameters are thought to reflect SCN function
due to its critical role in dictating overt rhythms. The architecture of activity rhythms
directly relates to the circuit organization of the SCN (Ciarleglio et al., 2009; Evans et al.,
2015), indicating that locomotor activity does indeed reflect SCN function, though
timekeeping cues from other tissues (e.g., lung, liver, etc.) may contribute.
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Figure 1.2. Intrinsic circadian timekeeping at the overt and SCN levels. (A) Left: Schematic
representing a single-plotted actogram of locomotor activity in a nocturnal rodent. The first half
represents entrainment under a 24 h light:dark cycle (LD); the second half represents freerunning rhythms after release into constant darkness (DD). Right: Schematic representing a
time series, with rhythmic parameters illustrated under entrained and free-running conditions.
Free-running phase is typically expressed as Circadian time (CT) as defined by an internal
marker (e.g., peak protein expression). Entrained phase is typically expressed in Zeitgeber Time
(ZT) in reference to an external cue (zeitgeber) or as the Phase Angle of Entrainment (e.g., time
difference between peak and lights-off). Abbreviations: Photo- Photophase (light portion of LD),
Scoto- Scotophase (dark portion of LD), S. Day- Subjective (internal) day, S. Night- Subjective
(internal) night. (B) Schematic illustrating photic phase resetting. A light pulse during early
subjective night causes a phase delay (green) and a light pulse during late subjective night
causes a phase advance (pink). A light pulse during subjective day elicits no phase shift (black).
(C) Schematic illustrating changes in circadian period and waveform in behavior and time series.

The SCN is both necessary and sufficient for overt circadian rhythms. Lesions of
the SCN abolish daily rhythms in corticosterone, locomotor activity, sleep, drinking
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behavior, and hormone levels (Moore & Eichler, 1972; Rusak, 1977; Rusak & Zucker, 1979;
Sawaki et al., 1984; Stephan & Zucker, 1972). Further, the SCN can generate and maintain
circadian rhythms autonomously. First, SCN metabolic activity is rhythmic across the day
even without environmental cues, demonstrating that the SCN endogenously oscillates in
vivo (Schwartz & Gainer, 1977). Second, SCN electrical rhythms persist when the SCN is
separated from surrounding tissue in vivo or when cultured ex vivo (Green & Gillette, 1982;
Groos & Hendriks, 1982; Inouye & Kawamura, 1979; Shibata et al., 1982). That the SCN
maintains a circadian rhythm in firing rate when cultured ex vivo directly demonstrates
that the SCN does not require incoming neural signals to maintain rhythmicity and is thus
an autonomous pacemaker. Further, transplantation of SCN tissue into an arrhythmic
animal with a lesioned SCN will restore daily locomotor rhythms (Lehman et al., 1987)
with the same period as the donor rather than the host (Ralph et al., 1990; Silver et al.,
1996). These findings demonstrate that the free-running period of the circadian clock is
encoded within the SCN network itself and indicates that the SCN network acts as
pacemaker for the circadian system. Taken together, accumulated evidence indicates that
the SCN autonomously generates rhythms and is both necessary and sufficient for
endogenous circadian rhythms.
Circadian rhythms in SCN neurophysiology and molecular function
In mammals, the fundamental unit of circadian time is the cell-autonomous
molecular clock. Most cells in the body, including SCN neurons, display intrinsic rhythms
in gene expression that are coordinated by molecular feedback loops. Molecular feedback
loops are at the center of cellular timekeeping and drive circadian fluctuations in
gene/protein expression and cellular physiology. At least 300 rhythmic transcripts have
been discovered in the SCN alone (Panda et al., 2002), and most oscillating transcripts are
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tissue-specific (Panda et al., 2002; Zhang et al., 2014). Indeed, recent transcript- and
proteotomics work from mice to non-human primates has revealed that 40-80% of all
protein-encoding genes and several hundreds of noncoding RNAs exhibit daily rhythms in
expression in at least one organ (Mure et al., 2018; Zhang et al., 2014). Importantly, almost
every cell in the body contains the molecular machinery for timekeeping. Thus, rhythmic
gene expression is cell autonomous throughout the body because it is driven by molecular
mechanisms.
Molecular timekeeping is controlled by transcriptional-translational feedback
loops (TTFL) that orchestrate daily rhythms in gene and protein expression. The core
molecular loop required for cellular circadian rhythms involves transcription factors
Circadian locomotor output cycles kaput (Clock) and Brain and muscle ARNT-like 1 (Bmal1)
and their regulation of clock proteins Period (Per), and Cryptochrome (Cry) (Figure 1.3A).
The precise timing of the core molecular loop across the day may vary in cells across the
body, but the dynamics of the loop remain the same. In SCN neurons, the start of the
circadian day occurs when positive regulators CLOCK and BMAL1 bind to E-box elements
in the promoter region of Per and Cry genes and initiate transcription. Protein products
PER and CRY are post-translationally stabilized in the cytosol, accumulate throughout the
day, and peak around dusk. At night, PER:CRY complexes translocate into the nucleus to
displace CLOCK:BMAL1 from the E-box and inhibit transcription. Over the circadian
night, PER:CRY complexes are degraded, eventually allowing CLOCK:BMAL1 to initiate a
new transcriptional day.
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Figure 1.3. Intrinsic circadian timekeeping at the molecular level in a schematic SCN
neuron. (A) The molecular clock regulates daily rhythms in gene expression. (B) Daily firing
rhythms are regulated by changes in ion flux. (C) SCN neurons display daily rhythms in [Ca2+]i.
(D) SCN neurons receive intercellular signals that impinge on the molecular clock.

Additional molecular loops intersect with the core loop to stabilize and amplify its
function (Figure 1.3A). These secondary loops intersect with CLOCK and BMAL1
transcription and modulate the expression of “clock-controlled genes” (Figure 1.3A). One
of the best understood accessory loops is regulated by CLOCK:BMAL1 binding to E-box
elements to initiate transcription of Ror and Rev-Erb. Transcription factors ROR and REVERB bind to ROR element (RRE) sites to promote (ROR) or inhibit (REV-ERB) Bmal1
transcription, thereby modulating the amplitude and stability of the molecular clockworks
(Adlanmerini et al., 2021; Liu et al., 2008; Zhao et al., 2016). CLOCK-BMAL1 also control
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other transcription factors that regulate clock-controlled genes to modulate cellular
physiology. Using genome-wide screens, many clock modifiers have been identified that
directly or indirectly interact with the core and accessory molecular loops (Patke et al.,
2020). Taken together, evidence indicates that molecular timekeeping coordinates an
extensive array of transcriptional processes to control many aspects of cellular physiology.
SCN neurons display intrinsic rhythms in cellular physiology, including electrical
activity and spontaneous firing rate (Figure 1.3B). SCN neurons exhibit their highest firing
rate (~5-10Hz) during the subjective day. In contrast, SCN neurons are more
hyperpolarized during subjective night (-47mV), exhibiting low firing (< 1Hz) or none at
all (Green & Gillette, 1982; Irwin & Allen, 2007; Pennartz et al., 2002; Pitts et al., 2006;
Webb et al., 2009). SCN electrical rhythms reflect circadian changes in membrane
potential, which are linked to oscillations of the molecular circadian clock (Honma et al.,
1998; Kononenko et al., 2008; Kudo et al., 2013; Meredith et al., 2006; Welsh et al., 2005).
The daily rhythm in SCN firing involves circadian modulation of both sodium (Na+) and
potassium (K+) flux (Figure 1.3B; Flourakis et al., 2015; Meredith et al., 2006). SCN
neurons are actively hyperpolarized at night via decreased calcium (Ca2+) channels (T-type
and L-type) and increased K+ currents (both A-type and BK) (Harvey et al., 2020; Irwin &
Allen, 2007). This indicates that the molecular clock regulates neuronal expression of ion
channels and conductance. Indeed, mutations in molecular clock components can modify
SCN electrical rhythms, and the molecular clock is likewise altered by SCN firing (Albus et
al., 2002; Davies & Mason, 1994; Herzog et al., 1998; Liu et al., 1997; Nakamura et al.,
2002). Thus, intrinsic SCN firing rhythms not only provide an important output to
downstream tissues, but electrical oscillations can feedback to modulate molecular clock
function.
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SCN neurons also exhibit intrinsic rhythms in intracellular signaling factors
(Figure 1.3C). SCN neurons display high levels of cyclic adenosine monophosphate (cAMP)
and neuronal intracellular calcium ([Ca2+]i) during subjective day and low levels during
the subjective night (Brancaccio et al., 2013; Irwin & Allen, 2007). Endogenous [Ca2+]i
rhythms in SCN neurons persist when cells are dissociated and when electrical activity is
disrupted by tetrodotoxin (TTX), demonstrating that SCN calcium rhythms are a cell
autonomous feature. However, [Ca2+]i rhythms in SCN neurons are abolished when
molecular timekeeping is disrupted, indicating that molecular clock function is required
(Noguchi et al, 2017; Hirata et al 2019). Indeed, the molecular clock intersects with both
membrane and cytosolic signaling pathways (Brancaccio et al., 2013; Doi et al., 2011;
O’Neill & Reddy, 2012; Yamaguchi et al., 2003). For example, the daily peak in SCN firing
corresponds with peak neuronal [Ca2+]i, followed by increased cAMP response element
(CRE) activation and peak PER2 expression (Brancaccio et al., 2013). This suggests an
interdependent model linking regulation of molecular feedback loops, electrical activity,
and other rhythmic cellular properties. Further, that peak CRE activation follows the peak
in SCN firing suggests that intercellular cues from other SCN neurons can act via
membrane-bound receptors to influence the intracellular clock in their signaling partners
(Figure 1.3D). In line with this, intercellular communication among SCN cells can
compensate for defects in molecular feedback loops (Liu et al., 2007). Taken together,
evidence demonstrates that there is tight linkage between the molecular and cellular
timekeeping mechanisms of individual SCN cells. Yet, individual SCN cells do not produce
robust, precise rhythms on their own, and must communicate as a network to produce
coherent output.
SCN Organization and Network Timekeeping
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The SCN is often divided into two complementary regions: the dorsal “shell” and
the ventral “core,” based on differential function and peptide expression (Figure 1.4A).
SCN neurons in both regions express GABA but neuropeptide expression differs. Neurons
in the SCN core are typically associated with processing photic input and express several
neuropeptides, including VIP, GRP, neurotensin (NT), and calcium-binding proteins like
calretinin. The SCN shell is typically associated with network outputs and expresses
neuropeptides AVP, substance P, cholecystokinin, and calbindin, among others.
Interestingly, neuropeptide expression within the SCN, especially of VIP and AVP, is
conserved across several mammalian species including nocturnal and diurnal rodents,
monkeys, and humans, (Campos et al., 2014; Dardente et al., 2004; Moore et al., 2002;
Romijn et al., 1999), suggesting these peptides regulate SCN function in important ways.
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Figure 1.4. Circadian timekeeping in the SCN network. (A) The SCN shell and core contain
neurons that express Arginine Vasopressin (AVP), Vasoactive Intestinal Polypeptide (VIP), and
Gastrin-Releasing Peptide (GRP). 3V = third ventricle, OC = optic chiasm. (B) Schematic
representing theorized SCN network configurations. See text for more detail.

Intercellular communication among SCN neurons is required to maintain network
function. Individual SCN neurons exhibit variable, low amplitude rhythms, but coupling
via intercellular communication induces robust and precise oscillations that ensure daily
rhythms are stable from cycle to cycle (Herzog et al., 2004; Honma et al., 1998).
Furthermore, SCN neurons adopt specific phase relationships with one another that
produce spatial gradients of cellular activity in both the anterior-posterior and dorsalventral axes (Evans et al., 2013; Yamaguchi et al., 2003; Yoo et al., 2004). Specifically, the
SCN network exhibits “waves” of electrical and transcriptional activity, such that the
caudal SCN phase-leads the rostral SCN, and the ventral SCN phase-leads the dorsal SCN.
These emergent features of the SCN network—period synchrony, precision, amplitude
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modulation, and cellular phase relationships—reflect network computations influenced by
intercellular communication within the SCN.
Several models have been proposed to explain how SCN cells coordinate to
produce coherent network output (Figure 1.4B; Evans & Gorman, 2016; Gu et al., 2021).
For example, perhaps one specialized set of “pacemaker” cells dictates the rhythm for the
rest of the network. Alternatively, the attributes of every cell could be considered in a
more egalitarian, democratic-type model of network averaging. It’s also possible that the
SCN network is governed by specialized subsets of cells (i.e., “committees”) that work in
tandem to organize network output (Figure 1.4B). So far there has been little to no
evidence of one specialized pacemaker subset ruling the SCN network. Indeed, many SCN
cells exhibit endogenous rhythms, and all SCN neurons are capable of rhythms regardless
of peptide expression (Webb et al., 2009). This suggests that SCN network timekeeping is
not set by a single subgroup. In support of this, a study using clock gene chimeric mice
(i.e., wild-type and mutant cells with different intrinsic periods mixed into the same SCN)
revealed that the period and amplitude of overt rhythms were directly proportional to
how many wild-type or mutant cells the SCN contained (Low-Zeddies & Takahashi, 2001).
Since a particular cell type was not targeted in this study, this finding suggests that any
SCN cell might contribute to overt network output. A more recent study extended this by
using cell-specific chimeric mice in which the SCN contained specific subsets of cells with
24 h and 20 h periods (Smyllie et al., 2016), which revealed several important features of
SCN network computation. First, SCN neurons can have very different periods and the
network can still function, illustrating that the SCN’s network computations are resilient.
Second, chimeric mice demonstrated entrainment to both 24 h and 20 h days, indicating
that overt output is not due to simple averaging and that varying groups of cells can
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dominate the SCN network depending on environmental conditions. Finally, chimeric
mice did not display disrupted timing of circadian gene expression across the SCN
network, suggesting that the spatiotemporal “waves” are determined at the network level,
rather than by timing of individual cells. Together, accumulated evidence suggests that
different subgroups of SCN cells can regulate network output and the groups in charge
can be altered by the environment. Thus, identifying distinct subclasses of cells and how
they regulate SCN function is an important goal toward understanding the complexity of
this circuit.
SCN Timekeeping Signals
SCN neurons use a variety of signaling pathways that regulate intracellular and
network clock function (Aton et al., 2005; Evans et al., 2013; Maywood et al., 2011), but the
precise mechanisms and pathways that sustain intrinsic SCN timekeeping remain illdefined. The most well-understood SCN signal is VIP, but there is evidence that GABA
and other SCN neuropeptides also modulate network function in important ways.
Accumulated evidence over the last two decades has established that VIP regulates
overt circadian rhythms and SCN function. VIP released from synaptic and non-synaptic
sites binds to VPAC2 receptors, which are G-protein coupled receptors linked to G-alpha-s
signaling pathways (Kalamatianos et al., 2004; Shinohara et al., 1993). Germline VIP (Vip-/) and VPAC2 receptor knockout mice (Vipr2-/-) mice show a range of circadian behavioral
phenotypes in constant darkness (DD; Aton et al., 2005; Brown et al., 2005; Ciarleglio et
al., 2009; Colwell et al., 2003; Harmar et al., 2002; Power et al., 2010). Specifically, 25% of
Vip-/- mice become arrhythmic in DD, and 60-65% have fragmented rhythms with
decreased precision, lower amplitude, and shorter period (Aton et al., 2005; Brown et al.,
2005; Colwell et al., 2003; Harmar et al., 2002; Power et al., 2010). SCN rhythms in
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electrical firing and clock gene expression are also significantly disrupted in Vip-/- and
Vipr2-/- mice, which reflects loss of SCN cellular rhythms and intercellular synchrony
(Brown et al., 2007; Hughes & Piggins, 2008; Maywood et al., 2006). Indeed, the extent of
SCN neuronal desynchrony observed ex vivo is correlated with the degree of behavioral
disruption in Vip-/- mice in vivo (Ciarleglio et al., 2009), providing important evidence
linking changes in SCN function to behavioral deficits. Applying VPAC2 agonists to SCN
slices from Vip-/- mice restores synchrony among SCN neurons (Aton et al., 2005;
Maywood et al., 2006), suggesting that VIP signaling is sufficient to restore SCN function
in this mouse model.
VIP is a critical modulator of SCN function, but multiple lines of evidence indicate
that it does not act alone under all conditions. VPAC2 antagonism in wild-type SCN slices
shortens SCN period but does not cause the loss of electrical rhythms (Hughes & Piggins,
2008). Similarly, viral VIP knockout in the adult SCN shortens the period of behavioral
rhythms but does not cause arrhythmia (Mazuski et al., 2020). Surprisingly, imposing
clock gene manipulations specifically in VIP neurons does not always disrupt circadian
rhythms at the behavioral or cellular levels (Lee et al., 2015; Shan et al., 2020). This
prompts the question: Which other neuropeptides may interact with VIP to regulate SCN
timekeeping? Notably, Vip-/- and Vipr2-/- mice display reduced expression of AVP and
other SCN neuropeptides (Bedont et al., 2018; Harmar et al., 2002; Varadarajan et al.,
2018). Interestingly, daily application of AVP agonists, GRP agonists, or GABA antagonists
can rescue SCN rhythms in VIP-deficient mice (Brown et al., 2005; Freeman et al., 2013;
Maywood et al., 2011). Further, depolarization or application of GRP can transiently
synchronize circadian gene expression (Maywood et al., 2006). This suggests that in the
absence of VIP, SCN timekeeping can be maintained by AVP-, GRP-, and depolarization-
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induced signals. In line with this, exposure to constant light and access to a running wheel
can rescue rhythms in mice lacking VIP signaling, and some retain the ability to entrain to
light dark cycles (Colwell et al., 2003; Harmar et al., 2002; Hughes et al., 2015; Loh et al.,
2014; Power et al., 2010). Together, accumulated evidence suggests that VIP likely
interacts with other SCN signaling mechanisms to maintain intrinsic circadian
timekeeping. Considering the SCN produces more than 25 different neuropeptides (van
den Pol & Tsujimoto, 1985), of which only a handful have been examined, it remains
unknown if there are other signals that contribute to SCN timekeeping in critical ways.
Identifying functionally distinct subgroups of SCN cell types has been a longstanding pursuit in circadian biology (Abrahamson & Moore, 2001; van den Pol &
Tsujimoto, 1985; Wen et al., 2020). Recent sequencing studies suggest there are many
types of neurons within the SCN, and that classic groups can be divided into further
subgroups (Todd et al., 2020; Wen et al., 2020). Indeed, multiple studies have identified
at least two subpopulations of VIP cells (Kawamoto et al., 2003; Todd et al., 2020; Wen et
al., 2020). One VIP subgroup colocalizes GRP, induces Per in response to light, and has
dense retinal innervation, indicating this group is important for photic responses. Another
Vip population does not strongly respond to light and expresses more regulatory
components of the circadian clock, suggesting that this subtype is more important as an
SCN network pacemaker. Wen and colleagues, (2020) revealed at least five distinct
subgroups with specific differences in genetic markers, spatial distributions, cellular
rhythmicity, and responsiveness to light. Distinct subgroups with functional roles may
strengthen the SCN’s ability to integrate the network state and other neural cues with
incoming photic information.
III. The SCN processes and encodes photic information
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Light is the most potent cue regulating SCN function (Foster & Roenneberg,
2008). Photic processing is not required for intrinsic SCN rhythms but is necessary for
adjusting circadian rhythms to the daily solar cycle. The SCN processes light information
to entrain the circadian system, encode photoperiod, and regulate physiology across the
day and year. Photic inputs are conveyed directly to the SCN via a specialized visual
system that encodes irradiance (Aranda & Schmidt, 2021; Paul & Brown, 2019). There are
at least two types of responses that underlie circadian photoentrainment (Daan, 2000): 1)
light can rapidly reset the timing (i.e., phase) of circadian rhythms and 2) produce longerlasting changes in period and waveform that are known as “after-effects.” In both cases,
photic inputs alter SCN electrical activity and gene expression (Meijer & Schwartz, 2003).
Retinorecipient SCN neurons transmit photic signals to the larger SCN network and
network synchrony modulates overall SCN responses to light. Thus, SCN coupling (i.e.,
the ability of one cell or group to influence others) is important for both intrinsic
timekeeping and photic processing.
The irradiance visual system provides photic inputs to the SCN
The SCN encodes photic input from the retina to entrain daily rhythms to the
external environment. Photic input is transduced and communicated to the SCN through
intrinsically photosensitive retinal ganglion cells (ipRGCs). These photoreceptors detect
irradiance and respond directly to light via the blue-light sensitive photopigment
melanopsin, encoded by Opn4 (Hattar et al., 2002; Provencio et al., 1998; Ruby et al.,
2002). ipRGCs exhibit distinct properties relative to rods and cone photoreceptors that
render them well-suited to process irradiance. First, ipRGCs are widely distributed across
the retina and have numerous dendritic branches (Berson et al., 2010). Second, ipRGCs
are activated by higher intensity light than rods and cones and can integrate photons
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rather than becoming saturated (Aranda & Schmidt, 2021; Paul & Brown, 2019). Third,
SCN-projecting ipRGCs transduce light inputs intrinsically via melanopsin, but they can
also transmit signals transduced by rods and cones (Güler et al., 2008). Lastly, SCN
responses depend on the timing of light exposure during the circadian cycle (Meijer &
Schwartz, 2003). Thus, the retinal-SCN pathway processes the wavelength, duration, and
timing of light exposure.
To date, six subclasses of ipRGCs (M1-M6) have been defined (Aranda & Schmidt,
2021; Paul & Brown, 2019). The SCN receives direct inputs from M1 ipRGCs, with some
inputs from M2 and M3 ipRGCs (Aranda & Schmidt, 2021; Berson et al., 2010). Different
types of ipRGCs form specific pathways, with Brn3b-expressing ipRGCs projecting to nonSCN targets and non-Brn3b-expressing ipRGCs projecting to the SCN (Chen et al., 2011;
Fernandez et al., 2018; Rupp et al., 2019). However, different retinal pathways are not fully
independent (Aranda & Schmidt, 2021). For example, ipRGCs project to the
intergeniculate leaflet (IGL) of the thalamus, which innervates the SCN via the
geniculohypothalamic tract (GHT) to provide a secondary photic pathway to the central
clock. As reflected by the numerous distinct targets they innervate, the influence of
ipRGCs extends beyond circadian photoentrainment (Figure 1.5). Currently, testing the
specific functions of different ipRGC populations is an active area of research (Aranda &
Schmidt, 2021; Sonoda et al., 2020).
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Figure 1.5. Central projections of ipRGCs and the SCN. Schematic sagittal mouse brain
illustrating ipRGC and SCN projections. ipRGCs project to the SCN, thalamus, and other
subcortical targets (blue lines). Solid black lines represent monosynaptic SCN efferents, and
dashed black lines represent polysynaptic SCN outputs. Abbreviations: BNST- bed nucleus of
the stria terminalis; Amyg- amygdala; NAcc- nucleus accumbens; MPOA- medial preoptic
area; Sept- septum; PVN- paraventricular nucleus; SPZ- subparaventricular zone; DMHdorsomedial hypothalamus LH- lateral hypothalamus; VTA- ventral tegmental area; IGLintergeniculate leaflet; PVT- thalamic paraventricular nucleus; LHb- lateral habenula; Pinpineal gland; PAG- periaqueductal grey; DR- dorsal raphe; LC- locus coeruleus.

Circadian photoentrainment and responses to light
One of the circadian responses to light that is best characterized is the ability of
light pulses to reset the phase of circadian rhythms, with the magnitude and direction
dependent on the timing of light exposure (Figure 1.6A). Thus, there is a daily rhythm in
the circadian response to light that is conserved across species (Johnson, 1999), usually
illustrated by a phase response curve (PRC; Figure 1.6A). Generally, circadian rhythms are
reset by light exposure during subjective night and not by light exposure during subjective
day. Light during early subjective night causes a phase delay (i.e., rhythm shifts later),
whereas light during late subjective night causes a phase advance (i.e., rhythm shifts
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earlier). Phase resetting is referred to as a “non-parametric” response because a discrete
stimulus drives an abrupt change in the phase of the circadian clock (i.e., no change to
underlying parameters, but shifts the timing; see Figure 1.2B; (Daan, 2000). Notably,
circadian rhythms can be entrained by a single daily light pulse or by 24 h “skeleton
photoperiods,” in which the photophase is simulated by 2 short light pulses at dusk and
dawn. Light at dawn and/or dusk is especially critical for stable entrainment (Daan,
2000). Photoentrainment and photic resetting requires ipRGCs, with contributions from
both melanopsin- and rod/cone-based processing (Güler et al., 2008). Retinal inputs to
the SCN modulate electrical and genetic activity, which resets the molecular clock. In line
with this, skeleton photoperiods mimic the effects of a full photophase at the level of the
SCN circuit itself (Olde Engberink et al., 2020). Recent work indicates that optogenetic
stimulation of SCN neurons is sufficient to reset SCN molecular rhythms similar to light
(Kim & McMahon, 2021). Importantly, the photic PRC and period for a given species can
be used to predict phase angle of entrainment, the limits of entrainment to non-24 h
photocycles (i.e., T-cycles), and the rate of re-entrainment following a shift in the
light:dark cycle (i.e., recovery from simulated jetlag).
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Figure 1.6 Overt circadian responses to light. (A) Non-parametric responses to light pulses
in constant darkness (DD) phase shift circadian rhythms in a time-dependent manner
illustrated by the photic Phase Response Curve (PRC), bottom. (B) Circadian responses to
longer light exposure include several responses to constant light (LL), re-entrainment during
simulated jetlag, non-24 h T-cycles, and after-effects observed after entrainment to
photoperiodic conditions.

Longer exposure to light produces “parametric” responses that modulate the
period and waveform of circadian rhythms in both diurnal and nocturnal species (i.e.,
modulates the underlying parameters of circadian oscillators; see Figure 1.2C; Daan,
2000). For example, entrainment to different photoperiods or non-24 h T-cycles (i.e.,
more or less than 24 hours in the day/night cycle) modifies circadian period (Azzi et al.,
2017; Evans et al., 2013), which is revealed when animals are released into constant
darkness (DD; Figure 1.6B). After release from photoperiodic conditions, after-effects
reflect a “memory” of the previously entrained condition, suggesting that light has
modified the function of the circadian clock itself. Indeed, light-driven period after-effects
reflect changes in the SCN network and epigenome (Azzi et al., 2017). Although non-
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parametric responses to light are sufficient for entrainment under many conditions,
parametric responses contribute to photoentrainment in both diurnal and nocturnal
species. For example, under extremely long photoperiods (e.g., 20 h of light, 4 h of dark),
skeleton light pulses are not sufficient to induce entrainment in nocturnal rodents,
suggesting the full photophase is essential for entrainment under these conditions. In
addition, exposure to constant light (LL) modifies circadian period and waveform (Figure
1.6B; reviewed in Evans & Gorman, 2016)). In nocturnal rodents, circadian period is
lengthened under higher light intensity, effectively “slowing down” the circadian clock.
Photic inputs from the ipRGCs are required for LL-induced period lengthening (Güler et
al., 2008). At sufficiently high light levels, long-term LL exposure can even cause ultradian
or bimodal rhythms to manifest (Figure 1.6B). Plasticity in circadian period and waveform
provides formal evidence of a clock “complex” comprised of interacting oscillators that
jointly control overt rhythms (reviewed in Evans & Gorman, 2016). It was proposed that
these aftereffect “memories” are possible because the circadian clock is not a unitary
system, but instead comprised of multiple component clocks (Pittendrigh, 1960).Taken
together, evidence suggests that photoentrainment involves both non-parametric and
parametric responses that synchronize the clock to local environmental conditions.
SCN cells respond to retinal inputs
On the cellular level, photic input into the SCN alters firing rate and gene
expression. In nocturnal and diurnal rodents, about 25-30% of SCN neurons are lightresponsive (Groos & Mason, 1980; Jiao et al., 1999; Meijer et al., 1986). In nocturnal
rodents, 85% of light-responsive neurons are activated by light and 15% are suppressed.
Conversely, diurnal rodents exhibit more light-responsive neurons that suppress firing
rate in response to light (73%) than are depolarized (Brown et al., 2011; Groos & Mason,
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1980; Jiao et al., 1999; Meijer et al., 1986, 1998). Photic inputs induce immediate early gene
expression, including upregulation of Per to reset the molecular clock (Dardente, Klosen,
et al., 2002; Dardente, Poirel, et al., 2002; Karatsoreos et al., 2004; Kuhlman et al., 2003;
Schwartz et al., 2000; Yan et al., 1999). Importantly, the SCN displays increased electrical
and molecular activity in response to light only at phases when behavioral phase resetting
is elicited (i.e., subjective night). Glutamate signaling is sufficient to mimic nonparametric responses to light (Shibata et al., 1994), and the cellular and molecular
mechanisms by which this signal acts are well known (Meijer & Schwartz, 2003). Namely,
glutamate activation of NMDA receptors alters SCN timing in a manner that also mimics
the effects of light (Shinohara et al., 1994), indicating that glutamate is sufficient for
photic resetting. NMDA receptor activation increases intracellular calcium and induces
depolarization, leading to action potential firing, chromatin remodeling, early immediate
gene expression, and increased Per expression (Figure 1.7). The most well defined
intracellular signaling pathway linking NMDA receptor activation to the molecular clock
is MAPK-ERK activation of CRE-mediated transcription, which upregulates Per (AlzateCorrea et al., 2021; Best et al., 1999; B. Lee et al., 2010; Obrietan et al., 1998; Sakamoto et
al., 2013). Light also activates repressive molecular pathways to inhibit SCN photic
resetting (Jagannath et al., 2013).
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Figure 1.7. Signaling at the ipRGC-SCN synapse. ipRGCs release glutamate, GABA, and
PACAP into the SCN to modulate firing rate, intracellular cascades, and gene expression.

Along with glutamate, retinohypothalamic tract (RHT) synapses also release other
signals, though the role of these in entrainment is less clear (Figure 1.7). For example, mice
lacking the neuropeptide PACAP exhibit normal rhythms of neuronal activity in the SCN
but are deficient in the SCN’s response to glutamate at certain times of day. This suggests
that PACAP’s role in the SCN may be to regulate the effects of glutamate (Lindberg et al.,
2019). Recent work has also identified a new class of ipRGCs that releases GABA rather
than glutamate (Sonoda et al., 2020). This form of photic signaling may serve to prevent
SCN adjustments to relatively minor changes in environmental light. The SCN exhibits
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increased GABA content in the day versus at night, and GABA can modulate RHT-SCN
photic responses via both pre- and post-synaptic GABAa (Belenky et al., 2003; Ehlen et al.,
2008; Gao et al., 1995), and pre-synaptic GABAb receptors (Moldavan et al., 2006). In line
with this, RHT axon terminals in the SCN are under inhibitory control of GABAb receptors
in a time-dependent manner (Moldavan & Allen, 2013). During subjective day, 55% of
RHT-SCN synapses are under inhibitory GABAb control, decreasing to 33% during
subjective night (Moldavan & Allen, 2013). This suggests that tonic GABA inhibition of
RHT terminals also modulates circadian transmitter release into the SCN. Thus, cellular
mechanisms acting at both the circuit and molecular levels can modulate circadian
responses to light, either potentiating or inhibiting their magnitude.
SCN photic resetting involves intercellular communication
How retinorecipient SCN cells propagate resetting information throughout the
network is not fully understood but is thought to involve both GABA and SCN
neuropeptide signaling. Discrete pulses of light induce Per first in the core SCN, followed
by the SCN shell (Hamada et al., 2004; Koch et al., 2009; Vosko et al., 2015; Yan & Silver,
2004), but transmission from core to shell requires GABAa signaling (Albus et al., 2005;
Fan et al., 2015) and VIP signaling (Vosko et al., 2015). Pharmacological blockade of
GABAa signaling functionally resembles the effects of a physical cut separating the core
and shell compartments. SCN neurons that express VIP and GRP are directly innervated
by retinal terminals, and light-induced depolarization of VIP neurons causes the release of
GABA and VIP that modulate cellular physiology in downstream neurons via VPAC2
signaling. Application of GABA, VIP, or GRP can induce light-like resetting in the SCN
(VIP: An et al., 2011; Piggins et al., 1995; Reed et al., 2002), (GRP: Gamble et al., 2007;
McArthur et al., 2000), (GABA: Liu & Reppert, 2000). Optogenetic stimulation of VIP-
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expressing cells is sufficient to reset SCN and behavioral rhythms (Jones et al., 2018;
Mazuski et al., 2018). Vip-/- and Vipr2-/- mice display aberrant responses to photic stimuli,
including reduced photic resetting during subjective nighttime, increased resetting during
subjective daytime, and accelerated recovery under a simulated jetlag paradigm (Colwell
et al., 2003; Harmar et al., 2002; Hughes et al., 2004; Hughes et al., 2015; Hughes &
Piggins, 2008; Jones et al., 2018; Lucassen et al., 2012). Interestingly, overexpression of
VPAC2 also causes accelerated recovery to simulated jetlag (Shen et al., 2000), suggesting
that VIP signaling must be tightly regulated under physiological conditions. Like VIP,
deficits in AVP signaling can accelerate recovery from jetlag in locomotor activity and
molecular clock function in the SCN, but this does not reflect changes in photic resetting
(Yamaguchi et al., 2013). Thus, VIP may act with other intercellular signaling mechanisms
to regulate circadian responses to light.
IV. The SCN encodes photoperiod and modulates physiology and cognition
The SCN encodes day length and is necessary for photoperiodic modulation of
behavior and physiology. Mammals display photoperiod-driven changes in numerous
biological processes, including reproduction, metabolism, immune function,
cardiovascular function, sleep, mood, and cognition. In humans, photoperiod modulates
neural and cognitive function and increases risk for many different types of diseases (e.g.,
depression). The SCN encodes photoperiod as an emergent network property. Recent
studies using advanced real-time techniques indicate that photoperiod modulates the
spatiotemporal organization of the SCN, as well as the signals SCN neurons use to
communicate with one another. These network-level changes in central clock function
alter SCN outputs, which regulate neuroendocrine and neuropsychiatric processes
through multiple pathways. One important photoperiodic signal controlled by the SCN is
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the nighttime duration of melatonin release. Photoperiod encoding by the SCN is an
essential component of seasonal regulation, and understanding seasonality requires a
better understanding of how seasonal changes in light change the central clock circuit.
Overt photoperiodic responses and inference of SCN involvement
Seasonal changes in photoperiod produce predictable changes in behavior and
physiology (Figure 1.8A). Many species of nocturnal rodents spend the longer days of
spring and summer increasing food intake and body weight, producing offspring, and
benefitting from improved immune function (Álvarez-Sánchez et al., 2020; Stevenson &
Prendergast, 2015). In contrast, the short days and long nights of winter shift many
physiological systems toward energy conservation. Rodents that breed seasonally exhibit
gonadal regression in the short days of winter, thought to divert energy away from the
reproductive axis in a time when it is not beneficial to produce and care for offspring
(Hoffmann, 1978; Paul et al., 2008). Further, some rodent species exposed to short-day
photoperiods exhibit torpor, a state of decreased physiological activity marked by
decreased body temperature and metabolic rate (Demas & Bartness, 2001; Hoffmann,
1978); an increase in factors that stimulate fat oxidation (Murphy et al., 2013; Samms et al.,
2014); a decreased motivation to forage and eat (Morgan et al., 2006); and overall
decreased body weight and food intake (Ebling et al., 1998). In rodents, immune function
is decreased in winter, including decreased antibody production (McKenna & Musacchia,
1968; D.-L. Xu & Hu, 2020); increased rates of infection (Sonenshine et al., 1978); and
elevated lymphocytes and macrophages (Blom et al., 1994; Brainard et al., 1987, 1988).
Thus, photoperiod regulates many physiological systems to promote survival across the
year.
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Humans also display seasonal rhythms, with changes in appetite, sleep duration,
and body weight during the winter months (Figure 1.8A; Wirz-Justice et al., 2003). The
seasonality of humans has at times been in question (Bronson, 2004), yet in controlled lab
studies, people display photoperiod-driven changes in the daily rhythms of melatonin,
prolactin, cortisol, body temperature, and sleep (Wehr, 1991; Wehr et al., 1993). Humans
also exhibit robust seasonal rhythms in disease and immune function, including higher
rates of infection and disease (Nelson & Demas, 2004), decreased function of white blood
cells (Klink et al., 2012), and seasonal changes in gene expression that exhibit opposite
profiles in the Northern and Southern hemispheres (Dopico et al., 2015). In addition to
physiology, humans exhibit seasonal changes in cognition, neuropsychiatric symptoms,
and neurodegenerative disease. Preclinical rodent models also display photoperiodic
modulation of affective and cognitive function under short days (Einat et al., 2006;
Krivisky et al., 2011; Prendergast & Nelson, 2005, p. 200; Pyter & Nelson, 2006; L. Z. Xu et
al., 2016; Young et al., 2018), suggesting that light-driven changes in neuropsychiatric
processes can be studied in diurnal and nocturnal models in the laboratory.
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Figure 1.8. Photoperiodic responses in mammals. (A) Photoperiod regulates many different
neuroendocrine and neurocognitive processes in humans and animal models. Blue =
neuropsychiatric, Green = physiological/endocrine (B) Photoperiodic regulation of circadian
rhythms is associated with changes in SCN waveform, which reflects plasticity in the phase
relationships of SCN neurons and controls the nightly duration of melatonin (MEL) release.

Importantly, photoperiod modulates daily rhythms that are directly controlled by
the SCN. In particular, the property affected by photoperiod to the largest degree is the
waveform of circadian rhythms. Different types of daily rhythms are modulated by
photoperiod in a similar manner, suggesting a common mechanism. In general, long days
decrease the duration of subjective night and increase the duration of subjective day,
whereas short days induce the opposite changes in waveform. For instance, changes in the
waveform of melatonin and locomotor rhythms are correlated in hamsters, with a longer
duration of both nocturnal events under short-day photoperiods (Elliott, 1981). In
contrast, under long-day photoperiods, the duration of locomotor activity (i.e., alpha) and
melatonin release are both “compressed” in proportion with the length of the night
(Figure 1.8B). After release from long-day photoperiods into DD, the duration of nighttime
melatonin and locomotor activity gradually expands in a correlated manner (Elliott, 1981),
indicating that a central encoding mechanism formed a photoperiodic “memory” that was
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retained after removal of the stimulus (Figure 1.8B). During exposure to short-day
photoperiods, the duration of locomotor activity and melatonin release both increase,
which is maintained after release into DD. Humans display similar changes in sleep
duration under controlled lab conditions. In addition to changes in circadian waveform,
photoperiod can alter circadian period. In nocturnal rodents, long-day photoperiods
shorten period whereas short-day photoperiods lengthen period. According to the
“external coincidence” model, photoperiodic encoding reflects the coincidence of light at
the photosensitive phase of the circadian cycle (Pittendrigh, 1960). Further refined in the
“internal coincidence” model, the timing of light regulates the temporal organization of a
clock complex composed of “Evening” and “Morning” oscillators (Pittendrigh & Daan,
1976). The temporal relationship of these clock components is predicted to drive
photoperiodic modulation of circadian waveform in both seasonal and non-seasonal
breeders (Figure 1.8B). Because photoperiod modulates different overt rhythms controlled
by the SCN, this provides evidence that Evening and Morning clock cells are located
within the central pacemaker itself.
SCN photoperiodic encoding
Photoperiod modulates the molecular neurophysiological properties of the SCN in
a manner that encodes day length. Direct evidence that the SCN encodes photoperiod is
provided by studies that demonstrate changes in SCN rhythms in electrophysiology,
protein expression, and responses to light. Photoperiod modulates the photic PRC in a
manner predicted by changes in circadian behavior (Binkley & Mosher, 1986; Pittendrigh
et al., 1984; Pohl, 1984), which provided the first formal evidence that the central clock
itself encodes photoperiod. Under short days, the duration of the nighttime photosensitive
phase is longer, which is similar to other nocturnal events (e.g., locomotion and melatonin
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rhythms). SCN responses to light likewise vary with photoperiod (Glickman et al., 2012;
Sumova et al., 1995; vanderLeest et al., 2009; Vuillez et al., 1996; Yan & Silver, 2008). SCN
electrical rhythms reflect photoperiod both in vivo and ex vivo (Houben et al., 2009;
Jagota et al., 2000; Mrugala et al., 2000, p. 20; Schaap et al., 2003; VanderLeest et al.,
2007), which is mediated by changes in cellular relationships. After exposure to short
days, the SCN displays a short duration of daily daytime firing (e.g., 6- 8 h), whereas long
days increase the duration of daytime SCN firing (e.g., 14-18 h) and reduce the amplitude
of electrical rhythms at the tissue level (Buijink et al., 2016; Schaap et al., 2003;
VanderLeest et al., 2007). In contrast, individual SCN neurons tend to fire for 4-5 h
regardless of photoperiod (Rohling et al., 2006; Schaap et al., 2003; VanderLeest et al.,
2007), with only modest changes in the duration of firing of dorsal SCN neurons (Brown &
Piggins, 2009). Importantly, the broader peak time of daytime firing under long days is
retained for several days after release into constant darkness in vivo (Houben et al., 2009)
or when the SCN is isolated ex vivo (VanderLeest et al., 2007), indicating that this is not
merely driven by light exposure. In fact, individual differences in circadian waveform are
reflected in the duration of SCN firing studied ex vivo (Mrugala et al., 2000). Taken
together, evidence suggests that photoperiod is encoded within the SCN network.
Photoperiod produces similar changes in the waveform of SCN rhythms in clock
gene expression. As with electrical activity, photoperiod does not alter the waveform of
clock gene expression in individual SCN neurons, rather it alters cellular phase
relationships to broaden the daytime expression of clock gene transcription under long
days and decrease the daytime expression under short days. Photoperiodic modulation of
clock gene waveform has been demonstrated in several species, including hamsters (Carr
et al., 2003; De La Iglesia et al., 2004; Johnston et al., 2005; Messager et al., 2000;

34
Tournier et al., 2003), mice (Naito et al., 2008; Steinlechner et al., 2002), rats (Sumová et
al., 2003), and sheep (Lincoln et al., 2002). This suggests that SCN photoperiod encoding
is conserved across mammals regardless of whether they breed seasonally. Use of spatial
mapping techniques provided insight into the location and neurochemical identity of
cellular subclusters that are modulated by photoperiod. Long days cause the anterior and
posterior SCN to express large differences in the timing of Per1, Per2, Cry1, Rev-erba, Dbp,
and Avp rhythms (Hazlerigg et al., 2005; Johnston et al., 2005; Yan & Silver, 2008). Realtime bioluminescence imaging further demonstrates that single SCN neurons in different
regions display similar peak times after short days, but a range of peak times after long
days (Buijink et al., 2020; Evans et al., 2013; Inagaki et al., 2007; Myung et al., 2015; Naito
et al., 2008; Yoshikawa et al., 2017). For instance, long-day photoperiods cause the SCN
core to phase-lead the shell by many hours, a difference which resolves over several cycles
in vitro due to intercellular signaling (Evans et al., 2013). Studies suggest that both VIP
and GABA contribute to SCN photoperiodic encoding (Evans et al., 2013; Lucassen et al.,
2012; Tackenberg et al., 2021). Notably, mice that lack VIP do not display photoperiodic
changes in SCN electrical rhythms in vivo (Lucassen et al., 2012). Further, in vivo
optogenetic stimulation of SCN VIP cells in mice exposed to short-day photoperiods is
sufficient to cause behavioral and SCN rhythms that mimic long photoperiod exposure
(Tackenberg et al., 2021). These studies suggest that VIP signaling is necessary and
sufficient for photoperiodic encoding. In addition to neuropeptide signaling, evidence
suggests that light can reorganize the SCN network through epigenetic remodeling (Azzi
et al., 2017; Stevenson & Prendergast, 2013). Thus, individual differences in SCN peptide
signaling mechanisms and epigenetic remodeling may relate to variation in seasonality
and photoperiodic sensitivity in humans and animals.
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Downstream systems altered by photoperiodic encoding
The SCN programs photoperiodic changes in many neuroendocrine rhythms by
regulating the duration of nighttime melatonin release to reflect the length of the
scotophase (i.e., night). In mammals, the SCN sends daily outputs to the PVN that are
conveyed to the spinal cervical ganglion, and ultimately to the pineal gland where
melatonin is synthesized. Changes in photoperiod alter melatonin duration, and this
signal of night length is transduced by high affinity receptors MT1 and MT2 that are found
throughout the brain. The SCN programs the melatonin rhythm and acutely inhibits its
release/synthesis in response to light at night (Kalsbeek et al., 2000). Like other SCNregulated rhythms, melatonin rhythms free-run in constant darkness in a manner that
reflects photoperiod history (Rollag & Niswender, 1976; Tamarkin et al., 1980; Yellon et al.,
1982), which is abolished by SCN lesions (Perreau-Lenz et al., 2003). Furthermore, lesions
to downstream structures in the SCN-to-pineal pathway abolish photoperiodic
modulation of melatonin rhythms (Underwood & Goldman, 1987). Lesions of the SCN or
the PVN in seasonal breeders disrupts photoperiodic changes in reproductive and
metabolic function (Bittman et al., 1991; Eskes & Rusak, 1985; Inouye & Turek, 1986;
Lehman et al., 1984; Pickard & Turek, 1983). In some species, seasonal regulation of
reproduction relies on a circannual clock (e.g., an endogenous clock with a period of 1
year) that is regulated by the SCN (Lee & Zucker, 1991; Lincoln et al., 2005; Masson-Pévet
et al., 1994; Scott et al., 1995). Collectively, these studies indicate that SCN control of
melatonin release is critical for appropriate regulation of neuroendocrine systems across
the year.
Melatonin is important for many systems, but the SCN does not require melatonin
for clock or photoperiodic function. Importantly, photoperiodic modulation of locomotor
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activity rhythms requires the SCN, but not the pineal gland (Bartness et al., 1991; Cassone
et al., 1986a; Grosse & Hastings, 1996; Stirland et al., 1996). Photoperiod can entrain
circannual rhythms in pinealectomized European hamsters, indicating that melatonin is
not necessary for photoperiodic entrainment of the circannual clock and that SCN can
entrain downstream neuroendocrine rhythms via another pathway (Monecke et al., 2013,
2014; Sáenz de Miera et al., 2018). Backcrossing to restore melatonin competency to a
melatonin-deficient mouse line does not alter their activity rhythms (Kasahara et al.,
2010), confirming that the SCN does not need melatonin for clock function. However, this
is not to say that the SCN is insensitive to melatonin. Melatonin injections can entrain
locomotor rhythms in DD, but only if the SCN is intact (Cassone et al., 1986b; Redman &
Francis, 1998). Thus, melatonin is an important output of the SCN, but it is not required
to sustain circadian rhythms or photoperiodic encoding.
The SCN can program photoperiodic changes in physiology through melatoninindependent pathways. Photoperiod can regulate corticosterone secretion by altering
adrenal sensitivity to adrenocorticotropic hormone (ACTH) via a melatonin-independent
mechanism (Otsuka et al., 2012). Consistent with this, a multisynaptic pathway
connecting the SCN and the adrenal cortex has been demonstrated to regulate
corticosterone secretion, but only if the SCN is intact (Buijs et al., 1999). Retrograde virus
injected into the adrenal cortex labels neurons in the spinal cord, PVN, and SCN,
suggesting that the SCN can leverage the autonomic nervous system to signal photoperiod
independent of melatonin (Buijs et al., 1999). In line with this, pinealectomy does not
block photoperiodic changes in corticosterone (Ruby et al., 1989), nor does it block
changes in torpor, body temperature, or locomotor activity (Refinetti et al., 1994; Ruby et
al., 1989). However, these responses are abolished by SCN lesions (Refinetti et al., 1994;
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Ruby et al., 1989), revealing that the SCN is required for photoperiodic regulation of these
systems, but the pineal gland is not.
Photoperiodic regulation of cognition & psychiatric conditions
Humans exhibit seasonal changes in cognition, with better sustained attention in
summer (lowest in winter), better working memory performance in autumn (lowest in
spring), and peak cognition near the fall equinox, at least in older adults (Lim et al., 2018;
Meyer et al., 2016). Many human neuropsychiatric symptoms also follow a yearly pattern,
with peaks during the shortest days of the year in both the Northern and Southern
hemispheres (Ayers et al., 2013; Wirz-Justice et al., 2003). Seasonal variation in mental
health is most often associated with winter depression (Galima et al., 2020; Lyall et al.,
2018; Majrashi et al., 2020; Miller et al., 2015; Walker et al., 2020) but is also observed in
bipolar disorder (Geoffroy et al., 2013, 2014, 2015) and schizophrenia (Hinterbuchinger et
al., 2020), all with peak symptomology in the shortest days of the year. Alzheimer’s
Disease (AD) symptoms exhibit seasonal variations as well, and Alzheimer’s related
proteins vary systematically over the year (Lim et al., 2018; Mao et al., 2021). Non-motor
symptoms of AD including cardiovascular, sleep, and hallucinatory symptoms also exhibit
seasonal variation (van Wamelen et al., 2019). Some seasonal variation in mental health
could be due to seasonal changes in serotonergic and dopaminergic systems (Aumann et
al., 2016; Carlsson et al., 1980; Eisenberg et al., 2010; Lambert et al., 2002; Luykx et al.,
2012; Praschak-Rieder et al., 2008). Humans also exhibit seasonal variation in brain
volume, with changes in the hippocampus (Miller et al., 2015), amygdala (Majrashi et al.,
2022), and brainstem (Majrashi et al., 2020) all positively correlated with photoperiod.
Overall, accumulated evidence indicates that seasonal changes in light cause changes in
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the human brain, but further work is needed to identify the mechanisms linking circadian
responses to light and regulation of neurocognitive processes.
V. Photoperiod modulates somatostatin: regulation of SCN function?
Changes in day length modulate the neurochemistry of brain structures that are
regulated by SCN photoperiodic encoding. In the paraventricular nucleus (PVN) and
periventricular nucleus (PeVN) of the hypothalamus, long photoperiod (i.e., long day
length) decreases dopamine and increases somatostatin (SST) expression, which is
associated with changes in depression- and anxiety-like behavior in preclinical rodent
models (Dulcis et al., 2013). Widely expressed throughout the brain, SST-expressing cells
are an important subset of inhibitory interneurons known for modulating the balance of
excitatory and inhibitory signals within neural circuits. SST interacts with SST receptors
(SSTRs) that trigger intracellular Gi/o signaling. There are five different types of
somatostatin receptors (SSTR) that are coupled to Gi/o intracellular cascades, but each
receptor is distinct in combined intracellular effects, cellular localization, and spatial
distribution across the brain (Møller et al., 2013; Patel, 1999; Theodoropoulou & Stalla,
2013). SST receptor activation of Gi/o-signaling decreases intracellular cAMP and inhibits
CRE-mediated transcription (Figure 1.9). In both humans and preclinical rodent models,
SST links photoperiod-induced changes in neurobiology to neuropsychiatric conditions
that are linked to circadian disruption and known to exhibit seasonal patterns. In rodents,
hypothalamic SST is regulated in a photoperiod-dependent manner and changes result in
altered affective behaviors (Dulcis et al., 2013). Further, SST knockout mice display
behavioral, molecular, and endocrine changes similar to those observed in humans with
depression (Lin & Sibille, 2015). In humans, changes in SST are observed in many
neuropsychiatric conditions, including mood disorders, neurodegenerative diseases, and

39
neurological disorders (Robinson & Thiele, 2020). Photoperiodic regulation of SST in
brain regions downstream from the central clock suggests that the SCN may play a role in
this process, but whether similar changes occur in the SCN is not known. Taken together,
accumulated evidence demonstrates that SST is rhythmically expressed in SCN cells, can
alter SCN rhythms, and modulate SCN VIP expression ((Fukuhara et al., 1993; Fukuhara,
Inouye, et al., 1994; Fukuhara, Nishiwaki, et al., 1994; Nishiwaki et al., 1995; Yang et al.,
1994). However, the role of SST in circadian timekeeping and photoperiodic encoding has
not been tested.

Figure 1.9. GPCR signaling cascades for SCN neuropeptides AVP, VIP, GRP, and SST.
Simplified schematic of GPCR signaling cascades activated by SCN peptides. SST receptors each
have complex actions of β/γ subunits that are not shown here (reviewed in Theodoropoulou &
Stella, 2013). It should be noted that many SCN cells may have some combination of the above
receptors but no SCN cell has been reported to contain all illustrated receptors.
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SST is linked to seasonal plasticity that alters behavior in rodents
Changes in photoperiod alter SST expression in hypothalamic regions regulated by
the SCN. In the PeVN and PVN of nocturnal rodents, SST expression increases with
photoperiod along with depressive- and anxiety-like behavior (Dulcis et al., 2013). Long
days also increase SST in the PeVN and PVN of a diurnal rodent species (Deats et al.,
2015), suggesting photoperiodic regulation of SST may be similar regardless of temporal
niche. Further, knockout Sst-/- mice display increased behavioral emotionality relative to
wild-type Sst+/+ littermates, which is not systemically related to changes in stress or
corticosterone levels (Lin & Sibille, 2015). Lack of SST recapitulates behavioral, endocrine,
and molecular features of human depression, suggesting it plays a causal role in moodrelated phenotypes, at least in rodents (Lin & Sibille, 2015). Some evidence suggests that
SST neurons may even be uniquely vulnerable to damage or death from stress-related
changes (Lin & Sibille, 2015; Tomoda et al., 2022). Taken together, preclinical studies
demonstrate SST-expressing cells constitute a unique cell population whose expression
can be regulated by photoperiod and is associated with altered affective and
neurocognitive states.
Changes in SST linked to neuropsychiatric conditions with seasonal patterns in humans
In humans, changes in SST expression are also implicated in neurological disorders
that show seasonal fluctuations (Lin & Sibille, 2013, 2015; Robinson & Thiele, 2020).
Decreased SST is observed in mood disorders like depression, anxiety, bipolar disorder,
and schizophrenia, and neurodegenerative diseases like Alzheimer’s Disease. In patients
with Major Depressive Disorder, SST levels are decreased in the cerebral spinal fluid
during depressive episodes but restored to normal levels when symptoms remit (Rubinow
et al., 1985). Human post-mortem studies indicate SST is reduced in important limbic
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regions like the anterior cingulate cortex (Seney et al., 2015) and the amygdala (Guilloux
et al., 2012). Notably, women exhibit a larger SST reduction in the cortex and amygdala
relative to men (Seney et al., 2013; Tripp et al., 2011), which may relate to gender
differences in the prevalence of major depression and seasonal depression. Further,
decreased SST levels have been reported in patients with schizophrenia (Hoftman et al.,
2015; Konradi et al., 2011), bipolar disorder (Pantazopoulos et al., 2017), and Alzheimer’s
Disease (Davies et al., 1980; Ramos et al., 2006). Taken together, evidence suggests that
SST expression is associated with neurological conditions in humans. Many of these same
neuropsychiatric disorders display circadian and seasonal rhythms (Ashton & Jagannath,
2020; Lim et al., 2018; McCarthy et al., 2022), but it is not known if SST contributes to
photoperiodic encoding by the central circadian clock.
SST is expressed in the central clock
The SCN expresses SST in both humans and rodents (Abrahamson & Moore, 2001;
Biemans et al., 2002; Daikoku et al., 1992; Mai et al., 1991; Nishiwaki et al., 1995;
Shigeyoshi et al., 1997; Silver et al., 1999; Tanaka et al., 1996; Wen et al., 2020), but the
function of SST in the SCN circuit remains unclear. Over 90% of SCN SST-expressing cells
co-express GABA, and a small percentage of these neurons may co-express VIP or AVP
(Tanaka et al., 1996). This contrasts with the non-GABAergic neurosecretory neurons of
the PeVN and suggests that SCN SST cells are neurochemically distinct from nearby
hypothalamic SST populations. Early studies demonstrated that SST is rhythmically
expressed in the rat SCN, with peak transcription during early subjective day and peak
protein expression during midday (Nishiwaki et al., 1995; Takeuchi et al., 1992). SCN SST
rhythms have been shown to persist in blinded rats or those exposed to constant
conditions (Fukuhara et al., 1993; Shinohara et al., 1991), suggesting that SST is regulated
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by the circadian clock. Interestingly, Sst rhythms in the SCN differ in timing from Avp,
Vip, and Grp (Dardente et al., 2004; Zoeller et al., 1992), suggesting that SST may play a
different role in the SCN circuit relative to other known neuropeptide signals.
SST can regulate circadian rhythms, although very few studies have examined how
SST influences SCN function. Depletion of SST using cysteamine can reset SCN electrical
rhythms in vitro and locomotor rhythms in vivo (Fukuhara, Inouye, et al., 1994). This
indicates that SST signaling can modulate the central clock in a manner that is reflected in
behavior. Further, application of SST itself can reset SCN rhythms in a manner that varies
with the circadian time of application (Hamada et al., 1993). First, SST application during
subjective night increases SCN metabolic activity, but does not affect SCN metabolic
activity when administered during subjective day (Hamada et al., 1993) This demonstrates
that SCN sensitivity to endogenous SST fluctuates across the circadian cycle. This
coincides with peak SST expression during the day, suggesting that SST receptors may be
saturated at this time. Importantly, the time-dependent response to SST would be
expected to reset SCN rhythms and influence central clock function. Indeed, SST
administration can reset SCN electrical rhythms (Hamada et al., 1993). Specifically, SST
delays the SCN electrical rhythm when administered during early subjective night,
advances the SCN electrical rhythm when administered during late subjective night, and
produces negligible responses when administered during subjective day (Hamada et al.,
1993). Because this SCN SST response rhythm resembles the photic PRC, it is possible that
SST influences photic resetting in the SCN. In other neural circuits, SST signaling
modulates glutamate transmission via pre-synaptic inhibition of voltage-gated calcium
channels (Pittaluga et al., 2021), but it has not been examined whether SST modulates
SCN responses to light. Interestingly, SCN SST protein can increase with age (Biemans et
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al., 2002), though results are mixed, with some finding decreased SST protein in the
overall hypothalamus (Sonntag et al., 1990) and others finding decreased SST in other
brain regions but not the hypothalamus (Florio et al., 1999). Increased SCN SST expression
in older animals does correspond with reduced photic phase resetting (Biello, 2009;
Weinert, 2000), raising the possibility that changes in SCN SST over the lifespan decrease
circadian responses to light. Another mechanism by which SST could modulate circadian
responses to light is via modulation of SCN VIP release, which has been demonstrated to
occur in vitro (Fukuhara, Nishiwaki, et al., 1994). Depletion of SST with cysteamine was
shown to cause a rhythm in VIP release to emerge that was absent in vehicle controls
(Fukuhara, Nishiwaki, et al., 1994). In the absence of SST, VIP levels increased during
subjective day, indicating that SST inhibits VIP expression under physiological conditions.
Collectively, these studies suggest SST signaling can regulate SCN function and inhibit
circadian responses to light. However, the role of SST in circadian timekeeping, photic
responses, and photoperiodic encoding is not understood.
VI. Summary
The central hypothesis of this dissertation is that SST acts within the SCN to
regulate network function and circadian behavior. I test three main research questions in
this work. First, is SCN SST modulated by photoperiod? Second, does SST signaling
influence circadian behavior? Third, does SST signaling modulate SCN function and
neurochemistry? To test these questions, I use a mouse model that provides means to
examine cellular and molecular mechanisms that regulate SCN function. Importantly,
many SCN properties are conserved across mammalian species, regardless of temporal
niche (i.e., nocturnal versus diurnal). For example, SCN neurochemistry,
neurophysiological rhythms, and photic responses are similar between mice, rats,
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hamsters, and humans (Challet, 2007; Dardente et al., 2004; Yan et al., 2020), indicating
that information gleaned from rodent experiments can inform our understanding of
human circuits.
In Chapter 2, I test whether photoperiod modulates SCN SST using genetic and
traditional labeling approaches. I first map the location of SCN SST neurons using a
genetic labeling strategy. I find that SCN SST neurons occupy a unique spatial niche in the
central clock that is distinct from other known SCN subgroups. Next, I tested if SST is
rhythmically expressed in the SCN using immunohistochemistry and in situ hybridization
performed on brain tissue collected at multiple timepoints across the day. These methods
allowed me to assess the SST profile within the mouse SCN using sensitive assays and
compare to previous findings in the rat. With these approaches, I demonstrate that SST
protein and transcript levels are rhythmically expressed in the SCN, with increased protein
expression under long-day photoperiods. Last, I tested whether long days increase SST
protein in the SCN and whether this occurs via de novo activation. To examine whether
long photoperiod can activate de novo SST expression I used Sst-Cre mouse line crossed
with Rosa26-tdT to create Sst-tdT+ mice. Using this method, any cell with a history of SST
expression is permanently fluorescently labelled, allowing me to detect if exposure to long
days increases the number of neurons labeled with Sst-tdT+. My results suggest that long
photoperiods induce de novo activation of SST in SCN cells that have never expressed it
before, indicating that photoperiod can alter the transcriptional landscape of SCN
neurons.
In Chapter 3, I test whether SST regulates circadian rhythms and photoperiod
responses using knockout Sst-/- mice exposed to a range of circadian behavioral assays,
including short and long photoperiods, constant darkness, constant light, and simulated
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jetlag. To test the necessity of SST for behavioral circadian rhythms, I recorded wheelrunning rhythms in wild-type Sst+/+, heterozygous Sst+/-, and homozygous Sst-/- mice
under standard lighting conditions and constant darkness. I found that lack of SST does
not alter daily rhythms under these conditions, suggesting that SST is not necessary for
intrinsic circadian timekeeping. Next, I tested whether SST modulates photoperiodic
modulation of locomotor rhythms by exposing mice of each genotype to long- and shortday photoperiods. Relative to controls, I found that Sst-/- mice displayed rapid changes in
the waveform of locomotor rhythms under both short and long photoperiods. Further, Sst/-

mice displayed photoperiodic after-effects in DD that were specific to circadian

waveform. Knockout Sst-/- mice did not differ from controls in resetting or photoperiodic
modulation of circadian period. Last, I tested whether lack of SST would affect circadian
responses to other lighting manipulations (i.e., constant light, simulated jetlag). I found
that Sst-/- mice exhibit arrhythmic locomotor activity under constant light and recover
faster from accelerated jetlag relative to controls, but that these effects were influenced by
biological sex. Taken together, my work suggests that lack of SST alters photic responses
by increasing circadian robustness in a sex-dependent manner during changing lighting
conditions.
In Chapter 4, I test whether SST modulates SCN function. First, I tested whether
SST modulates SCN neurochemistry by investigating levels of VIP, GRP, and AVP using
immunohistochemistry. Lack of SST significantly increases the number of VIP- and GRPexpressing cells within the SCN. Notably, AVP cell numbers within the SCN were not
altered by lack of SST, suggesting that SST signaling may specifically regulate
retinorecipient cell types within the SCN. Next, I tested if the SCN expresses SST receptors
(SSTR) and which types of SCN neurons express them using in situ hybridization. I found
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that the SCN expresses Sstr1, Sstr3, and Sstr4, with prominent levels of Sstr1 in both Vipand Grp-expressing SCN neurons. Next, I examined if SST signaling can modulate the
function of the SCN molecular clock. Using a bioluminescent reporter of clock protein
expression and SSTR1 agonists, I tested whether SSTR1 modulates SCN molecular rhythms
in real-time. I found that SSTR1 agonist administration during early subjective night reset
the SCN molecular clock, inducing phase delays specifically in slices collected through the
middle SCN, which contain the greatest number of VIP and GRP-expressing neurons. Last,
I tested that SST impacts photoperiod encoding using ex vivo imaging of SCN slices
collected from wild-type Sst+/+ and homozygous Sst-/- mice exposed to different
photoperiods. This approach allowed me to test whether lack of SST influences how the
SCN responds to changes in photoperiod. My results reveal that lack of SST enhances the
SCN response to long-day photoperiods and uncover a marked sex difference in SCN
photoperiodic encoding. Collectively, this work establishes that SST signaling influences
photoperiodic encoding by buffering circadian responses to light and increasing circadian
robustness.
Throughout these studies, I use both male and female mice. This is particularly
important because research including females is rare in the circadian field. Previous
estimates suggest that fewer than 20% of circadian studies included females (Kuljis et al.,
2013). A more recent meta-analysis of work spanning 50 years (1964 – 2017) found that
fewer than 7% of rodent studies investigating circadian responses to light include females
(Lee et al., 2021), despite work indicating circadian responses to light are influenced by
sex (Joye & Evans, 2021). Females have been traditionally excluded throughout
neuroscience research due to increased variability caused by fluctuating gonadal
hormones over the estrus cycle. However, recent meta-analyses indicate that this idea is
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largely a myth—females are not more variable than males in rodent neuroscience studies
(Becker et al., 2016; Prendergast et al., 2014), demonstrating the need to include both
sexes in research. Here I have found sex similarities and differences in the role of SST in
circadian and photoperiodic timekeeping. My work adds to previous work indicating that
SST expression is sexually dimorphic in the hypothalamus (Argente et al., 1991), and that
SST contributes to sex differences in the function of the hypothalamic-pituitary-adrenal
(HPA) axis (Adams et al., 2015). Further, expression of SST and GABA-synthesizing
enzymes have been shown to be co-regulated and influenced by genetic polymorphisms
on the X chromosome (Seney et al., 2013). My work reveals that SST modulates SCN
function differently in males and females, and additional work should determine the
mechanisms that cause sexual dimorphisms in central clock circuits.
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CHAPTER II
CENTRAL CLOCK SOMATOSTATIN IS MODULATED BY PHOTOPERIOD
Abstract
Light modulates human health to produce both positive and negative effects, but
underlying neural mechanisms remain poorly understood. The suprachiasmatic nucleus
(SCN) is the central clock and encodes daily and annual changes in light. Changes in daily
light exposure modulate expression of the neuropeptide somatostatin (SST) in
hypothalamic regions regulated by the SCN. The SCN also expresses SST, but whether SST
in the SCN is likewise modulated by photoperiod has not been examined. Here I reveal
that exposure to long photoperiods modulates SCN SST by activating de novo expression
in a subset of SCN neurons. Using spatiotemporal mapping, I first find that SST is
expressed rhythmically in the SCN. I next demonstrate that SCN SST expression is
proportional to photoperiod and is increased during long, summer-like days, and
decreased under short, winter-like days. Finally, using genetic fate mapping of SCN cells, I
reveal that exposure to long days increases the number of SST-expressing SCN cells,
providing evidence for de novo activation of this transcript by light. Collectively, these
data demonstrate that SST is rhythmically expressed and modulated by photoperiod in the
SCN.
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Introduction
Light modulates brain function in ways that both benefit and disrupt human
health. Daytime light exposure is critical for the proper regulation of daily and seasonal
rhythms, but light at night disrupts daily rhythms to increase risk of pathology in humans
and preclinical research models (Evans et al., 2013). Negative health consequences of
aberrant light exposure are thought to affect more than 15% Americans employed in
shiftwork (McMenamin, 2007), and 80% of Americans exposed to light pollution and
nighttime use of electronics (Falchi et al., 2016). In addition to its timing, the duration of
daily light exposure can negatively affect human health. For instance, many
neuropsychiatric disorders display annual fluctuations in severity (Ayers et al., 2013; WirzJustice, 2018), suggesting that annual changes in day length (i.e., photoperiod) modulate
motivational and mood states in humans. Consistent with a key role for photoperiod,
symptoms peak during the short days of winter in both the Northern and Southern
hemispheres, the incidence of seasonal depression increases at higher latitude, and bright
light therapy is the most effective treatment for alleviating symptoms (Rosenthal et al.,
1985; Wirz-Justice, 2018). Despite the long-standing appreciation of light as treatment, the
mechanisms by which light causes adaptive and maladaptive changes in brain function
remain poorly defined.
Circadian and seasonal responses to light require the suprachiasmatic nucleus
(SCN), which serves as the body’s circadian clock and annual calendar (Coomans et al.,
2015; Evans, 2016). As the central circadian clock, the SCN send daily cues to downstream
tissues via synaptic and paracrine outputs that set the circadian system to the local 24 h
time zone. At the cellular level, circadian timekeeping is driven by transcriptionaltranslational feedback loops that program daily rhythms in gene expression. At its core,
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this molecular clock involves CLOCK and BMAL1 transcription factors that promote the
synthesis of CRY and PER repressor proteins, which feedback to inhibit their own
transcription (Buhr & Takahashi, 2013; Partch et al., 2014). The SCN molecular clock is
reset by retinal inputs from specialized retinal ganglion cells that are intrinsically sensitive
to light (ipRGC), which upregulates immediate early gene and Per1/2 expression though
cAMP-PKA-CREB signaling (Alzate-Correa et al., 2021; B. Lee et al., 2010; Obrietan et al.,
1998; Sakamoto et al., 2013). SCN cellular responses to photic cues are first processed in
the retinorecipient SCN core, which contains neurons that express the neuropeptides
vasoactive intestinal polypeptide (VIP) and gastrin-releasing peptide (GRP). Photic inputs
are then relayed to the SCN shell, which contains neurons that express arginine
vasopressin (AVP). Time of day cues are then conveyed to downstream tissues through
neuropeptide and GABA signaling, which is the primary neurotransmitter expressed by
nearly all SCN neurons. In addition to VIP, GRP, and AVP, SCN neurons produce a variety
of neuropeptides (van den Pol & Tsujimoto, 1985; Wen et al., 2020), many of which have
not been systemically studied.
One SCN neuropeptide for which the role in circadian timekeeping remains
unclear is somatostatin (SST). SST is expressed by a subset of SCN neurons in both
humans and rodents (Abrahamson & Moore, 2001; Biemans et al., 2002; Daikoku et al.,
1992; Mai et al., 1991; Nishiwaki et al., 1995; Shigeyoshi et al., 1997; Silver et al., 1999;
Tanaka et al., 1996). SST is an inhibitory neuropeptide expressed widely throughout the
brain and binds to GPCR receptors coupled to Gi/o signaling. Activation of SSTRs decreases
intracellular cAMP, inhibits CRE-mediated transcription, and regulates potassium
channels that control membrane excitability and firing (Patel, 1999; Song et al., 2021).
There are five types of SST receptors (SSTR1-5) that differ in their intracellular signaling
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cascades, subcellular localization, and spatial distribution in the brain (Patel, 1999). In
many neural circuits, the motifs most associated with SSTR signaling are inhibition of
signaling cascades, gene expression, and neuronal firing, effectively acting as a “brake” on
the excitability of neural circuit (Song et al., 2021). Sst is rhythmically expressed in the rat
SCN (Fukuhara et al., 1993; Nishiwaki et al., 1995; Shinohara et al., 1991; Takeuchi et al.,
1992). Interestingly, the timing of Sst rhythms in the rat SCN differ from those in Avp, Vip,
and Grp transcription (Dardente et al., 2004; Zoeller et al., 1992), suggesting that SST may
play a distinct role in the SCN circuit. In the rat, manipulation of SST signaling is
sufficient to reset locomotor and SCN rhythms in a manner resembling circadian
responses to light (Fukuhara, Inouye, et al., 1994; Hamada et al., 1993) and modulate SCN
VIP release in vitro (Fukuhara, Nishiwaki, et al., 1994). Despite this work, little more is
known about SST in the SCN.
In hypothalamic structures downstream from the SCN, SST is modulated by
photoperiod. Specifically, long-day photoperiods increase SST and decrease dopamine
expression in the paraventricular nucleus (PVN) and periventricular nucleus (PeVN).
These light-driven neurochemical changes are associated with changes in depression- and
anxiety-like behavior (Deats et al., 2015; Dulcis et al., 2013). In rats, immunolabeling
approaches suggest that changes in protein expression reflects neurotransmitter switching
driven by de novo activation of SST transcription in a subset of dopamine-expressing
neurons (Dulcis et al., 2013). Evidence for neurotransmitter switching suggests that
neuronal identity can be reprogrammed by environmental conditions but with traditional
immunolabeling approaches it has been difficult to refute the possibility that light merely
increases SST expression. Further, it remains unclear how light inputs are conveyed to the
PVN and PeVN, although the SCN is known to be necessary for photoperiod responses in
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neuroendocrine function due to its regulation of PVN function (Bartness et al., 1991; Eskes
& Rusak, 1985; Inouye & Turek, 1986; Lehman et al., 1984; Pickard & Turek, 1983). Last, it
has not been tested whether photoperiod also modulates SST expression in the SCN.
Here I test whether photoperiod modulates SCN SST through activation of Sst
transcription. First, I map the SCN SST neuronal population using a genetic labeling
strategy, finding that SST neurons occupy a unique spatial niche in the SCN. Next, I test if
SST is rhythmically expressed in the SCN using immunohistochemistry and in situ
hybridization assays. With these approaches, I demonstrate that SST protein and
transcript levels are rhythmically expressed in the mouse SCN in a manner similar to that
previously described in the rat, but that is influenced by biological sex. Last, I tested that
SST in the SCN is modulated by photoperiod. I show that long photoperiods elevate SST
immunoreactivity, alter SST rhythms, and increase the number of Sst-expressing cells in
the SCN. Using a genetic fate-mapping approach, I provide evidence that long
photoperiods activate Sst transcription in a subset of SCN cells that have never expressed
it before (i.e., de novo expression). Taken together, these data suggest that SCN SST is
modulated by light, raising the possibility that it contributes to photoperiodic encoding by
the central circadian clock.
Materials and Methods
Mice and Husbandry Conditions
Mice were bred and raised under a 24-hour light-dark cycle with 12 hours of light
and 12 hours of darkness [L12; lights off at 1800 CST, defined as Zeitgeber Time 12 (ZT12)].
Except where noted below, both male and female mice were used in experiments.
Throughout life, ambient temperature was maintained at 22°C ± 2°C, and mice had ad
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libitum access to water and food (Teklad Rodent Diet 8604). At weaning, mice were group
housed in cages without running wheels. Mice remained relatively undisturbed except for
routine husbandry. Under colony conditions, mice were group-housed, cage changes
occurred once per week, average photophase intensity was ~300 lux, and the scotophase
was completely dark. In behavioral chambers, mice were singly housed, cages were
changed once every 2-3 weeks starting 30-60 min before ZT12, average photophase
intensity was 1007 ± 152 lux, and the scotophase was completely dark. All procedures were
conducted according to the NIH Guide for the Care and Use of Animals and were
approved by the Institutional Animal Care and Use Committees at Marquette University.
Experiment 1: To genetically label Sst neurons , Sst-IRES-Cre mice [(Taniguchi et
al., 2011) (JAX#018973) C57Bl/6N background] were crossed to Ai9 mice (Madisen et al.,
2010). In progeny of this cross, Cre recombinase is expressed under the Sst promoter,
causing cell-specific expression of the red fluorescent protein, tdTomato (JAX#007909;
(Harris et al., 2014). This genetic approach permanently labels cells after Sst transcription
regardless of continued expression or daily variation in peptide transcript expression, thus
circumventing the need for a circadian time course. To compare the SCN Sst-tdT+ cells to
those of other SCN peptide groups, Ai9 mice were also crossed to Vip-IRES-Cre mice
[(Taniguchi et al., 2011) (JAX# 010908), C57Bl/Jx129S background] and Avp-IRES-Cre mice
[(Harris et al., 2014) (JAX# 023530), C57Bl/6 background]. Sst-, Vip- and Avp-IRES-Cre+/;Ai9+/- mice were maintained on a L12 photoperiod under colony conditions, and brains
were collected in the middle of the day (i.e., ZT06). To assess SST protein levels, Sst-tdT
labelling was complemented with SST immunohistochemistry (IHC). Sst-IRES-Cre+/-;Ai9+/mice (13 weeks of age, n = 5-11/sex) were maintained on a L12 photocycle as described
above. Brains were collected at ZT00, ZT06, ZT12, or ZT18 (n = 4/timepoint) under bright

54
white light or dim red light dependent on ZT. To assess daily rhythms in Sst transcription,
wild-type mice (10-11 weeks of age, n = 9-11/sex) on a C57Bl/6 PER2::LUC+/+ background
(transgene is for an optical reporter that causes no loss of function, see Yoo et al., 2004)
were maintained under L12 as described above in behavioral chambers for 3 weeks. Brains
were collected at ZT00, ZT06, ZT12, or ZT18 (n = 5/timepoint) under bright white light or
dim red light dependent on ZT.
Experiment 2: To test whether SST levels in the SCN are modulated by
photoperiod, PER2::LUC+/+ mice (13 weeks of age, n = 12/sex) were exposed to a 24 h
light:dark cycle with either 12 h, 18 h, or 6 h of light per day (L12, L18, L06, n =
8/photoperiod). Mice received 1 μl colchicine injection into the third ventricle (0.5
μl/min) to slow microtubule transport and measure cumulative SCN peptide expression
over the circadian cycle. Brains were collected 48 h after injection in the middle of the day
(i.e., ZT06). To test whether SCN SST rhythms are modulated by photoperiod, male
PER2::LUC+/+ mice (6-10 weeks of age) were exposed to a 24 h light:dark cycle with either
12 h or 20 h of light per day (L12, L20, n = 60/photoperiod) for 12 weeks in behavioral
chambers. L20 was used in Experiment 3b because previous work indicates that the SCN is
reorganized to a larger extent under this condition (Evans et al., 2013). Brains were
collected at ZT00, ZT06, ZT12, or ZT18 (n = 9-15/timepoint) under bright white light or
dim red light dependent on ZT.
Experiment 3: To test light-driven de novo activation of Sst transcription, SstIRES-Cre+/-;Ai9+/- mice were exposed to L12 or L20 (10-21 weeks starting age, n = 6687/sex). Because tdT is a permanent of cells with a history of Sst transcription (Harris et
al., 2014), I predicted that the number of Sst-tdT+ labelled cells under L20 would increase
relative to L12 if long day entrainment induces de novo activation of Sst transcription.
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Mice were entrained to L12 or L20 in behavioral chambers for 1-12 weeks (n = 714/group/entrainment duration), and brains were collected in the middle of the day (i.e.,
ZT06), as in Experiment 1.
Immunohistochemistry (IHC)
Mice were deeply anesthetized with isoflurane and sacrificed by cervical
dislocation. Brains were fixed in 4% paraformaldehyde overnight, cryoprotected in 20%
sucrose for 4 days, and then sectioned in the coronal plane (40 μm). For
immunohistochemistry, free-floating slices were washed 6 times in PBS, blocked for 1 h in
normal donkey serum, incubated for 48 h at 4°C with primary antibody (anti-SST, 1:1K,
Peninsula Laboratories Cat# T-4103.0050, RRID:AB_518614), washed 6 times in PBS,
incubated for 2 h at room temperature with secondary antibody (Alexa Fluor 488 Donkey
Anti-Rabbit, 1:500, Jackson ImmunoResearch Labs Cat# 711-545-152, RRID:AB_2313584),
and then washed six final times in PBS. Anti-SST antibodies were validated in-house using
brains collected from male Sst+/+ and Sst-/- mice (6-8 months old, n = 13-18/genotype, brain
collection at ZT06).
In situ Hybridization with HiPlex RNAscope®
Mice were deeply anesthetized with isoflurane and sacrificed by cervical
dislocation. Brains were rapidly removed, blocked to the hypothalamus, flash frozen in
OCT on dry ice and stored at -80℃ before sectioning. Brains were cryo-sectioned in the
coronal plane (12 µm), thaw mounted onto microscope slides, and stored at -80℃ until
processing. Tissue quality was confirmed via positive and negative control probes
provided by company. Slide-mounted slices were fixed in 4% paraformaldehyde at room
temperature for 60 min, washed in PBS, dehydrated through a series of 5-minute ethanol
steps (50%, 70% and 100%), and dried at room temperature. Slides were processed using
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RNA-Scope HiPlex12 according to manufacture instructions (Cat. No. 324140) in four
successive rounds of processing and imaging. Briefly, tissue was permeabilized to allow
probes to better access the target, and target probes were hybridized to the tissue via a 2 h
incubation in a humidified chamber. Hybridized probes contained a pre-amplification
adapter, to which three sequential amplifier probes were attached. After hybridization and
amplification steps, fluorescent detection probes were bound to the amplified probetarget complex to visualize mRNA via microscopy. After image capture of the first set of 3
probes, the subsequent 3 sets of 3 probes were processed each by gently removing
coverslips, cleaving the previous fluorescent tags, and incubating with the next set before
imaging.
Microscopy and Imaging Analyses
Slices were embedded in Prolong Anti-Fade medium with DAPI (Thermo Fisher,
Cat# P36935) and cover slipped. All fluorescent images were collected on a Nikon A1R+
confocal microscope (Nikon Instruments, Melville, NY, USA) or Nikon 80i microscope
fitted with a Retiga 2000R digital camera (QImaging, Surrey, BC, Canada). Probe image
sets for each individual slice were aligned via the RNAscope Hiplex registration software
(300065-USM). Protein and transcript expression was analyzed using the Analyze
Particles function in ImageJ software. First, images were submitted to binarized
thresholding to locate cell bodies, and free-form ROIs were drawn around each brain
region from which cell bodies were extracted. Since mRNA labeling is more punctate and
does not fully fill the cell body, a gaussian blur was applied before thresholding to better
visualize full somas. Watershed segmentation was applied to thresholded images to
further separate individual cell bodies. Average intensity values for cellular ROIs were
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extracted from non-thresholded images, and expression levels were quantified using
background subtraction.
Statistical Analyses
Data are represented in Figures as Mean ± SEM. Cosine curve-fitting was
performed to detect significant daily rhythms using Circwave software (Oster et al., 2006).
Other statistical analyses were performed with JMP software (SAS Institute, Cary, NC).
When models contained within-subject factors (Region, Slice Position, Weeks), a mixed
ANOVA was used to parse out random effects driven by individual differences among
mice. When models only contained between-subject factors, a full-factorial (FF) ANOVA
was used to assess the effects and interactions of one to four factors: 1) SST Genotype, 2)
Photoperiod, 3) Time of Day, and/or 4) Sex. Data were analyzed for each sex separately
where appropriate (e.g., sufficiently powered to detect sex differences). Post-hoc tests
were performed with Tukey’s HSD or Least Square Mean contrasts to control for familywise error. Statistical significance was set at p < 0.05.
Results
Spatiotemporal mapping of SST in the SCN
I first examined the spatial location of SCN Sst neurons using a genetically
encoded fluorescent label (tdTomato) to visualize all cells with a history of Sst
transcription (Figure 2.1A). Cells were visualized in the coronal and sagittal planes (Figure
2.1A,C,E) and cell numbers were assessed throughout the dorsoventral and rostrocaudal
axis of the SCN. The majority of Sst-tdT+ neurons were found in the dorsal region of the
back half of the SCN (Figure 2.1A-C). In the sagittal plane, SCN Sst-tdT+ cells appeared
contiguous with a larger population of Sst-tdT+ cells spanning the dorsal and posterior
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regions just beyond the SCN (Figure 2.1C), suggesting that SST cells in the SCN may be
part of a larger distributed network of hypothalamic SST cells.
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Figure 2.1. Spatial mapping of Sst cells in the SCN. (A-C) Sst-tdT expression across the
anteroposterior SCN in coronal and sagittal planes. (D) Comparison of Sst-tdT cell size in the
hypothalamus. (E) DAPI-aligned, superimposed images of SCN slices taken from Sst- Vip- and AvptdT cells. (F-G) Comparison of Sst- Vip- and Avp-tdT cell numbers. (H) Retinal expression of SsttdT. Scale bars = 100 μm; Panel D inset scale bars = 50 μm. * post hoc comparisons, p < 0.05.
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To evaluate whether SCN Sst-tdT+ cells display characteristics typical of SCN
neurons, I evaluated their morphology. SCN cells typically have small somata (10 μm in
diameter; Ibata et al., 1999) and consistent with this, Sst-tdT+ SCN neurons were smaller
in diameter than those in the PVN and PeVN (Figure 2.1D; One-way ANOVA: F(2,9) =
7.65, p = 0.01, Tukey’s HSD, p < 0.05). This suggests that SST cells in the SCN are distinct
from those in other hypothalamic regions. I next asked how SCN Sst-tdT+ cells compared
to other known subgroups within the SCN (Figure 2.2E-G). Relative to Vip-tdT+ and AvptdT+ cells, Sst-tdT+ cells formed a smaller subpopulation that was more restricted to
dorsal/caudal regions of the network (Figure 2.2E-G). In the coronal plane, Sst-tdT+ cells
were typically clustered in similar regions of the dorsal SCN as Avp-tdT+ cells. However,
AVP cells were found throughout the anterior-posterior axis of the SCN, and Sst-tdT+ cells
were mainly observable in the posterior compartment (Figure 2.2G). Very few Sst-tdT+
cells were found in the SCN core, where the majority of Vip-tdT+ cells were found. Thus,
SCN Sst-tdT+ share features expected of SCN neurons but reside in a distinct location
within the SCN network. Last, Sst-tdT+ expression was detected in the optic chiasm
(Figure 2.1E), which was associated with distributed Sst-tdT+ expression across the retina
(Figure 2.1H).
SCN SST is rhythmically expressed
To further test whether Sst-tdT+ SCN cells display canonical SCN properties, I next
evaluated whether SST expression in the SCN varied with a daily rhythm. SCN slices were
collected around the clock and submitted to IHC and tdT+ analysis. SST antibody was
validated using SST knockout strategy (Figure 2.2A-B). Independent of time,
approximately 77% of Sst-tdT+ cells displayed SST immunoreactivity (Figure 2.2C-D). In
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addition to immunoreactive cell bodies, SST+ fiber-like processes were clustered in the
SCN core (Figure 2.2C). Importantly, SCN SST expression was rhythmic with a modest
change across day and night (Figure 2.2E-F; Circwave, F(2,28) = 6.3, p = 0.004). The time
of peak SCN SST expression occurred around mid-day (Figure 2.2E; F(3, 42) = 4.1, p = 0.01,
Tukey’s ZT06 vs ZT18 p = 0.01), with significant rhythmicity specific to the posterior SCN,
where the majority of SST+ cells are located (Figure 2.2E, Circwave, Rostral SCN: F(2,19) =
0.62, p = 0.55; Caudal SCN: F(2,21) = 7.8, p = 0.003). Consistent with these results, SST
was rhythmically expressed at the cellular level, and the percentage of Sst-tdT+ cells with
SST expression was highest during the daytime (Figure 2.2G; t(30) = 2.7, p = 0.01). In
contrast, the number of SCN Sst-tdT+ cells did not fluctuate (Figure 2.2H; t(30) = 0.9, p =
0.39), consistent the permanent nature of this label (Harris et al., 2014).
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Figure 2.2. SST expression is rhythmic in the SCN. (A-B) Antibody validation. SST significantly
lower in all structures. (C) Representative images of Sst-tdT+-SST expression at midday (ZT06) and
midnight (ZT18). Scale bars = 100 μm (D) Percent cells labelled. (E-F) SCN SST and Sst-tdT
expression in LD12:12. SCN SST rhythms were significant in posterior SCN slices. Black boxes and
grey shading indicate subjective night. (G-H) SST+ colocalization with tdT+ varied across the day
but the number of tdT+ cells did not. # Circwave rhythmicity test, p < 0.05; * post-hoc
comparisons, p < 0.05
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At the transcript level, Sst was also primarily expressed in the posterior SCN
(Figure 2.3A). SCN Sst was also modestly rhythmic (Figure 2.3B; Circwave, F(3,213) = 5.11,
p = 0.007), with peak expression during late subjective night (Figure 2.3B; curve-fit peak
time ZT 19.79 +/- 3.64), which is consistent with previous microarray analyses in the mouse
SCN (Panda et al., 2002, CircaDB Probeset ID: 95436_at). Interestingly, SCN Sst
expression differed by biological sex (Figure 2.3C), with a significant daily rhythm in
males, but not females (Circwave, Males: F(3,98) = 9.8, p = 0.0001, Females F(3,113) = 0.0,
p = 0.99). In males, Sst was rhythmically expressed with peak levels during late subjective
night in slices collected throughout the anteroposterior SCN (Figure 2.3C-D, Circwave,
Anterior: F(3,58) = 3.59, p = 0.03, Middle: F(3,75) = 4.5, p = 0.01, Posterior: F(3,52) = 3.45,
p = 0.04). Similarly, SCN expression of SST protein was rhythmic in males, but not females
(Figure 2.3E, Males: t(16) = 2.75, p < 0.05, Females: t(4) = 1.38, p = 0.2). Overall, these
results indicate that SST and Sst are rhythmically expressed in the SCN in a manner that
varies by sex.
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Figure 2.3. SST and Sst expression are rhythmic in the SCN and differ by sex. (A)
Representative images illustrating Sst+ cells in the anteroposterior SCN. (B-C) Sst transcription was
rhythmic in males, but not females. (D) Daily Sst rhythms by SCN region; grey shading indicates
darkness. (E) Day-night SST protein expression also varied in males, but not females. Scale bars =
100 μm; # Circwave test of rhythmicity, p < 0.05. *post hoc comparisons, p < 0.05.
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SCN SST levels and rhythms are modulated by photoperiod
Next, I tested whether SCN SST levels vary with photoperiod, as they do in
hypothalamic structures of other rodent species (Deats et al., 2015; Dulcis et al., 2013).
When mice were entrained to L06, L12, or L18, SCN SST levels increased with day length
(Figure 2.4A-B; Two-way ANOVA: F(2,17) = 7.8, p = 0.004). When divided by sex,
different patterns of photoperiodic modulation were detected. Long days increased
cellular SST expression in the SCN of males (Figure 2.4C; F(2,17) = 8.5, p = 0.002, post-hoc
contrast, p < 0.001) and expression in the fiber-like processes of the SCN core of females
(Figure 2.4D; F(2,18) = 7.63, p = 0.004, post-hoc contrast p = 0.002). SST also varied with
photoperiod in the PeVN, with opposite patterns in males and females (Figure 2.4E; Sex:
F(1,17) = 6.5, p = 0.02, PP*Sex: F(2,17) = 7.0, p = 0.006). To test whether photoperiod
modulates SCN SST rhythms, male mice were exposed to a longer photoperiod shown to
maximally reorganize SCN organization (Evans et al., 2013). Consistent with above results,
overall levels of SST were increased by long day exposure (Figure 2.4F-H). Interestingly,
long photoperiod exposure increased SST at the two timepoints corresponding to dawn
and dusk transitions under control conditions (i.e., the time lights on and lights off under
L12), suggesting that increased light exposure under L20 elevates SST at those specific
timepoints. In this study, long day-induced increases in SST expression in male mice were
observed in both caudal SCN cells (Figure 2.4G; PP: F(1,90) = 2.7, p = 0.01, ZT: F(3,90) =
8.6, p < 0.0001, PP*ZT: F(3,90) = 4.4, p = 0.006; LSM Contrasts, p < 0.05) and fiber-like
processes in the SCN core (Figure 2.4H; PP: F(1,90) = 42.8, p < 0.0001, ZT: F(3,90) = 10.6,
p < 0.0001, PP*ZT: F(3,90) = 11.9, p < 0.0001; LSM Contrasts, p < 0.05). Overall, these data
demonstrate that long days increase SST levels in the SCN and modulate the daily rhythm
in its expression.
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Figure 2.4. Photoperiodic modulation of SCN SST/Sst-tdT expression. (A) Representative
images illustrating SST+ cells in the SCN under short (L06), control (L12), or long day (L18)
photoperiods. (B) Longer photoperiods increase SST immunoreactivity in the SCN. (C-E) Mice
were entrained to L06, L12, or L18. Mice received 1 μl colchicine into the third ventricle 48 h prior
to brain collection to slow microtubule transport and visualize total peptide production over the
circadian cycle. (C-E) In the SCN and PeVN, SST levels were proportional to day length, which
varied by sex. (F-H) Male mice were entrained to an extreme long day (L20) to produce
pronounced changes in the SCN (Evans et al, 2013). (F) Representative images illustrating SCN
SST+ immunoreactivity at four times across the day. (G-H) L20 increased SST immunoreactivity at
the time that would be dawn and dusk under control conditions in both SCN cells and fiber-like
processes. Scale bars = 100 μm, * post hoc comparisons, p < 0.05.
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SCN SST modulation patterns suggest de novo activation
Finally, I tested whether increases in SST expression under long days reflects
activation of nascent SST (i.e., de novo transcription). Sst-IRES-Cre+/-;Ai9+/- mice were
maintained under L12 or transferred to L20 for 12 weeks. In agreement with previous work
indicating SST levels increase in the PVN, long-day photoperiods increased the number of
Sst-tdT+ cells in the PVN by ~35% (Figure 2.5A, F(1, 20) = 7.5, p = 0.0003). However, I did
not observe a significant increase in the number of Sst-tdT+ cells in the PeVN (Figure
2.5B, F(1, 62) < 1, p = 0.85). Importantly, the number of Sst-tdT+ cells in the SCN also
increased by ~25% after 12 weeks of long day exposure (Figure 2.5C, F(1, 23) = 18.1, p =
0.0003). Increased Sst-tdT+ cells were observed in the SCN and PVN of both males and
females entrained to L20 (Figure 2.5A, C). The overall number of Sst-tdT+ cells in the SCN
varied by sex under L12 (Figure 2.5C, F(1, 23) = 4.6, p = 0.04). Thus, to further evaluate
how long days increased the number of Sst-tdT+ cells in each structure, I normalized the
L20 Sst-tdT+ cells to L12 sex-matched controls to assess spatial patterning in both sexes.
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Figure 2.5. Long days increase Sst-tdT+ cells in the PVN and SCN. (A) Representative images of
Sst-tdT+ cells in the PVN alongside quantifications of Sst-tdT+ cell counts under L12 and L20. L20
increased Sst-tdT+ labelled cells in male and female PVN. (B) Representative images of Sst-tdT+
cells in the PeVN with Sst-tdT+ cell counts under L12 and L20. L20 did not increase Sst-tdT+
labelled cells in the PeVN. (C) Representative images of Sst-tdT+ cells in the SCN with Sst-tdT+ cell
counts under L12 and L20. L20 increased Sst-tdT+ labelled cells in male and female SCN. Scale bar
= 100 μm, *post hoc comparisons, p < 0.05.

In both the SCN and PVN, long days increased Sst-tdT+ cells with a spatial pattern
that differed by sex. In the SCN, 12 weeks of L20 exposure increased SCN Sst-tdT+ cells in
both the middle and caudal SCN slices when data from both sexes were combined (Figure
2.6A, mSCN: t(23) = 2.9, p = 0.007; pSCN: t(18) = 2.3, p = 0.03). In the caudal SCN, higher
variability produced only a trend toward increased Sst-tdT+ cells in each sex (Figure 2.6A;
Male: t(23) = 1.6, p = 0.1; Female: t(23) = 1.6, p = 0.1). In the middle SCN, long days
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significantly increased Sst-tdT+ cells in males (t(23)= 2.3, p = 0.03), but females displayed
only a trend (t(23) = 1.6, p = 0.1). In the PVN, Sst-tdT+ cells increased in the anterior and
middle sections when data from both sexes were combined (Figure 2.6B; aPVN: t(17)= 5.7,
p < 0.0001; mPVN: t(10) = 2.8, p = 0.01). In both males and females, long days increased
Sst-tdT+ cells in the anterior PVN, with a larger overall increase in females (Figure 2.6B,
Male: t(20) = 4.4, p = 0.0003; Female: t(20) = 8.5, p < 0.0001). Long days also increased
Sst-tdT+ cells in the middle PVN of males (t(11) = 3.5, p = 0.005), but females only
displayed a trend (t(11) = 1.6, p = 0.1). Finally, despite no overall effects in the PeVN when
sexes were combined, long days specifically increased Sst-tdT+ cells in the posterior PeVN
of females (Figure 2.6C, t(13) = 3.0, p = 0.009). Taken together, these results demonstrate
that long photoperiods increase the number of Sst-expressing cells in the SCN and the
PVN, suggesting light-driven de novo activation of SST transcription. Further, these
findings indicate that light modulates SST differently across sex in each brain region.
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Figure 2.6. Photoperiodic modulation of SCN Sst-tdT expression in the SCN and PVN. (A-C)
L20 induced increased Sst-tdT expression in the SCN (A) and PVN (B), but not the PeVN (C).
When each structure is divided by region and sex, the strongest increases were seen in the middle
SCN and the front and middle PVN. * post hoc comparisons, p < 0.05.

To better understand the time course of light-induced Sst expression in the
hypothalamus, I next assessed the latency to SST activation under long-day photoperiods.
Increases in the number of SCN Sst-tdT+ cells were detected after 8 weeks of L20
entrainment (Figure 2.7A, Full factorial ANOVA, PP: F(1,97) = 11.89, p < 0.005, Timepoint:
F(4, 97) = 4.68, p < 0.005, PP* Timepoint: F(4, 97) = 4.7, p < 0.002, LSM Contrast t(97) =
3.7, p = 0.003), with significant increases in both the anterior and middle SCN (Figure
2.7C, Full Factorial ANOVA, Anterior SCN- PP: F(1, 97) = 8.9, p < 0.004, LSM Contrast
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t(97) = 2.5, p = 0.01; Middle SCN- PP* Timepoint: F(4,97) = 4.7, p < 0.002, LSM Contrast
t(97) = 8.3, p = 0.0008). There was also a trend for increased Sst-tdT+ cells in the
posterior SCN (Figure 2.7C; Full-factorial ANOVA: PP: F(4,97) = 3.4, p = 0.06), with a
significant increase evident only after 12 weeks of entrainment (LSM Contrast t(97) = 2.7,
p = 0.007). When divided by sex, increased Sst-tdT+ cells in the anterior and middle SCN
were only observed in males (Anterior- PP: F(1,51) = 6.1, p = 0.02, Middle- PP*timepoint:
F(4,51) = 4.27, p = 0.005), but increased Sst-tdT+ cells in the posterior SCN were only
observed in females (Figure 2.7E; Female- PP*timepoint: F(4,35) = 6.83, p = 0.005; MalePP: F(4,49) = 3.22, p = 0.08). Similarly, increased Sst-tdT+ cells were also detected in the
PVN after 8 weeks of L20 entrainment (Figure 2.7B; Timepoint*PP: F(4,90) = 6.9, p <
0.03, LSM t(90) = 3.0, p < 0.004). Regional activation patterns in the PVN were also
influenced by biological sex (Figure 2.7D). Females exhibited increased Sst-tdT+ cells in
the anterior PVN after 8 weeks of L20 entrainment (Timepoint*PP: F(4,14) = 3.22, p <
0.05, LSM Contrasts, t(80) = 4.1, p = 0.0001). Overall, these data indicate that 8 weeks of
long photoperiod entrainment is sufficient to increase the number of Sst-tdT+ cells in
both the SCN and PVN, with the spatial patterning of light-induced activation influenced
by sex.
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Figure 2.7. Photoperiodic modulation of SCN Sst-tdT expression in the SCN and PVN over
time. (A-C) L20-induced Sst-tdT cell numbers in each region of the SCN (A, C) and total PVN (B)
over 1 to 12 weeks of exposure, collapsed by sex. (D-E) Data from A-C divided by sex. Color-coded
lines indicate timepoints where L20 expression is greater than L12 levels in each sex. * greater
expression under L20, post hoc comparisons, p < 0.05.
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Discussion
Changes in day length are encoded by the SCN to regulate daily and annual
changes in behavior and physiology. In downstream regions regulated by the SCN, long
photoperiod increases expression of the neuropeptide SST. The SCN contains a subset of
cells that express SST, but whether SCN SST is modulated by photoperiod had not been
examined. Here I demonstrate that SCN SST expression is modulated by photoperiod and
that long photoperiods can induce de novo SST transcription in the SCN and PVN.
Further, I show that SCN SST and Sst expression is rhythmic and the spatial location of
these cells differs from other SCN peptide classes. Taken together, these data demonstrate
that photoperiod regulates SST expression in the SCN and suggest that light can drive de
novo activation of Sst transcription in a subset of SCN cells.
Spatial mapping of the SST subpopulation in the mouse SCN
Here I reveal that SST-expressing cells in the SCN constitute a distinct
subpopulation that is biased toward the dorsal region of the posterior SCN. SST cells are a
relatively small SCN population compared to those that express AVP and VIP, consistent
with previous work in the mouse (Abrahamson & Moore, 2001; Silver et al., 1999; Wen et
al., 2020). In line with this previous work and that in rats, most SST-expressing cells were
detected in the dorsal SCN. Overall, SST cell bodies were not located in the SCN core, but
putative SST+ fibers were detected in that region. In rats, SCN SST neurons are located at
the boundary of the SCN core and shell, and it has been postulated that they may serve as
an intermediary node in the transmission of network signals. Further, SCN SST neurons in
rats have been shown to synapse with AVP neurons (Daikoku et al., 1992; Romijn et al.,
1997), VIP neurons (Maegawa et al., 1987; Romijn et al., 1997), and GRP neurons (Romijn
et al., 1997). SST+ synapses have been detected on VIP dendrites, potentially serving to
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filter inputs into these cells from the retina and other SCN cells, which is a known
function of SST interneurons in cortical networks (Urban-Ciecko & Barth, 2016). Lastly,
SST neurons can also auto-synapse onto their own cell bodies (Daikoku et al., 1992),
suggesting that SST cells can regulate signaling among all SCN neuronal subgroups
studied here, as well as modulate incoming signals from the retina. Interestingly, I
detected Sst-tdT in the retina, and SST is expressed in retinal amacrine cells (Cristiani et
al., 2002; Johnson et al., 2000). The distributed pattern of Sst-tdT expression in the
retina, along with expression in the optic chiasm, suggests that a subset of retinal ganglion
cells express Sst. This is most likely due to transient expression during development (or
spurious recombination), but it raises the possibility that SST signaling may also impact
retinal function (Cammalleri et al., 2019; Weir et al., 2021).
Daily expression of SST expression in the mouse SCN
My work expands on previous work examining SST in the mouse SCN. Previous
studies suggest that SCN SST cells may be part of the PeVN SST population since they lie
within the dorsal SCN and appear to be larger than other types of SCN neurons
(Abrahamson & Moore, 2001). The one other study conducted in mouse found few SST+
cells in the SCN (Silver et al., 1999); however, both of these studies only examined SST
expression at a single timepoint and mostly within the middle SCN. Daily rhythms in SCN
Sst have also been described with microarray and sequencing approaches (Fukuhara et al.,
1993; Panda et al., 2002; Shinohara et al., 1991; Takeuchi et al., 1992) however, the tissue
punches collected in these studies may have included cells from adjacent hypothalamic
structures. By restricting my analyses to cells located in the main body of the SCN and
including the entire anteroposterior SCN, my work reveals that SCN SST-expressing cells
have a smaller soma relative to SST-expressing cells in the PeVN and PVN. Further, I find
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that SST is rhythmic within the mouse SCN, consistent with previous work (Panda et al.,
2002). This is a canonical feature of SCN neurons and is fairly distinct from neuropeptide
expression in other hypothalamic neurons (Schwartz & Reppert, 1985). Phasing of daily
rhythms of SST and Sst seen here is generally similar to those previously described in rats
and mice (Fukuhara et al., 1993; Fukuhara, Inouye, et al., 1994; Nishiwaki et al., 1995;
Panda et al., 2002; Shinohara et al., 1991; Takeuchi et al., 1992; Yang et al., 1994), with Sst
transcription peaking during the late night and SST protein peaking during the midday.
Interestingly, both SST and Sst expression was rhythmic in the male SCN, but not in the
female SCN. Most previous studies have only included male SCN tissue, thus my results
suggest that regulation of SCN SST is sexually dimorphic. In addition, I show that the daily
rhythm in SST expression is modulated by light in the male SCN. Rhythmic expression of
SST within the SCN suggests its expression is regulated by circadian clock mechanisms,
consistent with previous work showing that SST rhythms persist in the rat SCN under
constant conditions (Fukuhara et al., 1993; Fukuhara, Inouye, et al., 1994; Fukuhara,
Nishiwaki, et al., 1994; Nishiwaki et al., 1995; Shinohara et al., 1991). Taken together, these
findings suggest that SCN SST cells are bona fide SCN cells, not misplaced periventricular
cells. Additional work examining the transcriptional expression profiles of SCN SST
neurons would shed further light on this issue and be useful for investigating de novo
activation of hypothalamic Sst transcription under long-day photoperiods.
Photoperiodic modulation of SST in the SCN
Photic modulation of neuropeptide expression appears to be a feature of several
different types of hypothalamic neurons, which may be coordinated by signals provided by
the SCN. Here I show that SST expression in the SCN is increased by exposure to long-day
photoperiods, which is similar to effects described in other hypothalamic regions in
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nocturnal and diurnal rats (Deats et al., 2015; Dulcis et al., 2013). Thus, my work adds the
SCN to the list of hypothalamic structures in which light increases SST, with SST changing
in the SCN, PVN, PeVN, and lateral preoptic area of rats and/or mice. The mechanisms
that trigger changes in hypothalamic peptide expression remain to be defined.
Interestingly, long photoperiod increased SCN SST expression at specific times of day
corresponding to beginning and end of the photophase under control conditions. The
specific increase of SST at those times could be driven by photic inputs from the retina
that act on SST neurons directly and/or indirectly via signals from other SCN neurons
(e.g., VIP). Further, I show that Sst-tdT+ cells increased in both the SCN and PVN after 8
weeks of L20 entrainment, which is when behavioral entrainment is stable and the SCN is
re-organized under L20 (Evans et al., 2013). Thus, neurochemical plasticity in both
structures is coincident with the timing of circadian entrainment, which is known to
require the SCN. Notably, recent work provides compelling evidence that photoperiodic
plasticity in SCN neurochemical expression drives downstream changes in PVN SST
expression (Porcu et al., 2022). This study found that opto/chemo manipulations of SCN
NMS neurons could induce downstream changes in PVN SST expression under long-day
photoperiods. Further, this study provides genetic evidence that SCN NMS-expressing
neurons include a combination of multiple neuropeptide classes (i.e., VIP and AVP).
Indeed, recent sequencing work suggests the SCN contains many different cell types, and
that classic groups can be divided into distinct subgroups (Todd et al., 2020; Wen et al.,
2020). How AVP, VIP, and NMS-specific subsets of SCN neurons intersect with SST
neurons will be interesting to explore in future work. My work suggests that these future
studies should consider biological sex. Like the sex differences observed in baseline SST
rhythms, photoperiod modulated SCN SST expression differently in males and females.
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Specifically, long days increased SST cellular expression in SCN cells in males, but in fiberlike processes of the SCN core in both sexes. It is possible that in females, photoperiod
may modulate axonal trafficking of SST rather than SST synthesis. Alternatively, it is
possible that cellular changes in synthesis are transient in females, which would be
consistent with increased Sst-tdT+ cells in both sexes.
Evidence for de novo activation
Here I expand understanding of light-driven neurochemical plasticity in the
hypothalamus. Using a genetic fate-mapping approach, I provide evidence that long
photoperiods increase SST in the SCN via de novo activation of Sst transcription.
Complementing previous work in the rat (Deats et al., 2015; Dulcis et al., 2013), I found
that long photoperiod also increases SST expression in the PVN using this approach.
However, I did not observe increases in Sst-tdT+ cells in the PeVN. It is possible that this
reflects species or technical differences across studies. My findings indicate that
photoperiodic regulation of SCN and PVN SST varies by subregion, raising the possibility
that this is also true for the PeVN. Since previous work focused on the PVN (Dulcis et al.,
2013) and the present work focused on the SCN, it’s possible that two very different
regions of the PeVN were evaluated in these studies. Another discrepancy is that I
detected increases in SST-expressing cells in the SCN and the PVN after 8 weeks of long
photoperiod entrainment, and not after 2 weeks as seen previously (Dulcis et al., 2013).
One interesting explanation for this discrepancy is that acute exposure to long
photoperiods may increase SST levels in cells that have a history of expressing it, but
longer exposure is required for de novo activation. Taken together, my work strengthens
evidence that long photoperiod increases SST expression in the SCN and PVN via de novo
activation of its transcription, thus increasing the number of cells expressing SST.
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Possible role of SST in the SCN clock
SST neurons are a small subpopulation of SCN neurons but could play a large role
in circadian clock function. Daily rhythms in SST expression may provide a neurochemical
message reflecting day length in the SCN. This may not be unique to SST, with previous
work indicating that several SCN neuropeptides are modulated by photoperiod. The
waveform of SCN Avp rhythms is modulated by photoperiod (Duncan et al., 1995;
Tournier et al., 2007), but it is unknown if AVP signaling contributes to photoperiodic
encoding. Rats and hamsters exposed to long days exhibit a longer interval of peak AVP
expression in the SCN compared to those exposed to short days (Sumová et al., 2000;
Tournier et al., 2007). Mice exposed to constant light also display an increase in AVP
expression (An et al., 2012), suggesting that light can increase AVP synthesis. Relative to
short days, longer days have been shown to elevate both Avp and Vip at multiple
timepoints across the day (Myung et al., 2015). Constant light may also increase VIP
synthesis (An et al., 2012) but can also reduce VIP levels (Shinohara et al., 1993; Smith &
Canal, 2009) and mice lacking VIP do not display photoperiodic modulation of SCN
electrical rhythms in vivo (Lucassen et al., 2012). Further, in vivo optogenetic stimulation
of SCN VIP cells in mice exposed to short-day photoperiods is sufficient for behavioral and
SCN rhythms that mimic long photoperiod exposure (Tackenberg et al., 2021). Thus, the
extent to which VIP contributes to photoperiodic encoding beyond its role in circadian
timekeeping and photic processing remains unclear (Vosko et al., 2015; Vosko et al.,
2007). In the rat, exposure to LL can decrease VIP but increases GRP expression
(Shinohara et al., 1993), suggesting that those two signals may play distinct roles in SCN
photic responses. GRP is important for transmission of photic information and can alter
SCN function (Antle et al., 2005; Gamble et al., 2007), though more work is needed to
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determine how photoperiod modulates GRP. A cellular fate-mapping approach may be
useful in testing whether photoperiodic plasticity in these populations is driven by
increased peptide expression or activation of “reserve pools.” In addition, it would be of
interest to test within the context of this approach whether changes in neuropeptide
expression are transient or chronic adaptations.
Under control conditions (L12), I observed colocalization of tdT+ and SST+ in
about 75% of SCN neurons, which suggests that many SST neurons retained expression
under typical entrained conditions. Regarding the remaining cells, it is possible these cells
express SST below levels detectable by IHC. Alternatively, some tdT+ cells may have
spurious Cre-mediated recombination or a subset SCN cells may have expressed SST
transiently at some point in development. The effects of SST signaling in the SCN remains
to be tested fully, but transient expression during development suggests SST could also act
during SCN network formation. Notably, rhythmicity in SCN cells emerges at embryonic
day 15 (E15), before expression of VIP or its receptor (Carmona-Alcocer et al., 2018).
Further, period synchronization of SCN neurons at this early age is not affected by
blockade of VIP, GABA, or neuronal firing (Carmona-Alcocer et al., 2018). This adds to
other work suggesting that signaling mechanisms of SCN coupling change across
development (Ono et al., 2016). In the mouse, SCN neurogenesis occurs between
embryonic day 11.5 (E11.5) and E15.5, with a peak at E13.5 (Kabrita & Davis, 2008; Shimada
& Nakamura, 1973), and Sst+ cells are detected as early as early as E13.5 (Morales-Delgado
et al., 2011). Further, the transcription factor Zinc finger homeobox 3 (Zfhx3) is expressed
in the developing SCN from at least E13.5 and is important for terminal differentiation of
SCN peptidergic neurons (VanDunk et al., 2011). Further, Zfhx3 regulates Sst expression in
the SCN and contributes to robustness of both behavioral and SCN rhythms (Parsons et
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al., 2015; Wilcox et al., 2017). Further work may test whether SST signaling contributes to
cellular communication during development of the SCN network, as well as testing its role
in adulthood and under different environmental contexts imposed at different stages of
life.
Summary
Overall, these findings shed new light on circuit mechanisms that may regulate
SCN photoperiod encoding. Long days increase the number of Sst-tdT+ cells in the SCN,
suggesting de novo activation of Sst transcription via epigenetic remodeling. SCN SST
rhythms and light-induced modulation also followed slightly different patterns between
males and females, suggesting that SST is regulated differentially by sex. This adds to
existing literature that the SCN is sexually dimorphic and that the effects of SCN
neuropeptide signaling differ by sex (Joye & Evans, 2021; Rohr et al., 2021). Overall, my
work suggests that SST may contribute to photoperiodic encoding, yet whether SST
contributes to daily rhythms or circadian responses to light has not been tested. The role
of SST signaling in SCN photoperiodic encoding can be tested by evaluating whether SST
is necessary for photoperiodic modulation of circadian rhythms.
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CHAPTER III
SOMATOSTATIN MODULATES PARAMETRIC PHOTIC PROCESSING
Abstract
Endogenous timekeeping allows organisms to predict and adjust to changes in the
environment and align internal biology with the external environment to maximize fitness
(i.e., entrainment). The most potent cue for mammalian timekeeping is light, which is
transduced by the retina and encoded by the central clock in the brain called the
suprachiasmatic nucleus (SCN). The SCN encodes daily changes in the timing of light and
seasonal changes in day length (e.g., photoperiod) to regulate behavior and physiology,
though the precise mechanisms by which it does so remain unclear. One signal that may
be involved in SCN photoperiodic encoding is the neuropeptide somatostatin (SST). My
work has demonstrated that photoperiod regulates SCN SST expression (Chapter 2),
suggesting that SST may be involved in photoperiodic changes within the network. Here I
test whether SST contributes to photoperiodic changes in circadian behavior using a
battery of behavioral assays. I reveal that lack of SST enhances photoperiodic responses,
specifically altering circadian waveform, both during and after entrainment. Further, I
demonstrate that lack of SST enhances circadian plasticity under jetlag, and constant light
conditions. Interestingly, behavior and the role of SST in these later behavioral assays was
influenced by sex. In contrast, basic circadian properties were not altered (i.e., circadian
period, photic resetting), suggesting that SST signaling specifically modulates circadian
waveform. Overall, these data suggest that SST contributes to photoperiodic entrainment
and circadian responses to light by modulating SCN circuits that are influenced by sex.
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Introduction
Endogenous timekeeping allows animals to better predict and adjust to changes in
the environment, aligning their internal biology with the timing of the external
environment to maximize fitness (i.e., entrainment). In the mammalian circadian
timekeeping system, the most potent entrainment cue is light. Environmental light is
transduced by the mammalian retina and encoded by the central clock in the brain, the
suprachiasmatic nucleus (SCN). The SCN encodes daily changes in the timing of light and
seasonal changes in day length (e.g., photoperiod). It processes photic inputs and then
communicates daily outputs to downstream clock tissues that ultimately adjust behavior
and physiology to a given time zone and photoperiod. Lesioning the SCN disrupts or
completely abolishes daily locomotor activity rhythms in mice, rats, and hamsters
(Schwartz & Zimmerman, 1991; Silver et al., 1996; Stephan & Zucker, 1972). Modulation of
locomotor activity across photoperiods also requires the SCN (Bartness et al., 1991;
Cassone et al., 1986b; Grosse & Hastings, 1996; Stirland et al., 1996). Yet, the mechanisms
and signals underlying SCN photoperiod encoding remain unclear.
Photoperiod modulates the properties of daily rhythms in several ways, including
their phasing, period, and waveform (i.e., the shape of the rhythm). Different types of daily
rhythms are modulated by photoperiod in a similar manner, suggesting a common
mechanism, such as SCN encoding. Importantly, SCN photoperiod encoding is reflected
most markedly and consistently across species in modulation of circadian waveform at the
overt level. For both behavioral and SCN neurophysiological rhythms, exposure to
summer-like photoperiods with long days and short nights will modulate circadian
waveform to increase the duration of biological processes expressed during subjective day
(e.g., SCN firing and clock gene expression) and decrease the duration of biological

83
processes expressed during subjective night (e.g., melatonin release, locomotor activity in
nocturnal rodents). In turn, exposure to winter-like photoperiods with short days and long
nights will induce the opposite changes in waveform. For instance, short-day
photoperiods will increase the duration of melatonin release and locomotor activity (i.e.,
alpha) in hamsters (Elliott, 1981). In contrast, under long-day photoperiods, the duration
of both events is “compressed” in proportion with the short night. After release from longday photoperiods into constant darkness (DD), the duration of nighttime melatonin and
locomotor activity gradually expands in a correlated manner (Elliott, 1981), indicating that
the SCN formed a photoperiodic “memory” that was retained after removal of the
stimulus. Indeed, the SCN itself encodes photoperiod in the waveform of its cellular
rhythms in a manner analogous to that displayed at the overt level (Ciarleglio et al., 2009;
Houben et al., 2009; Inagaki et al., 2007; Tackenberg et al., 2021; VanderLeest et al.,
2007). In addition to changes in circadian waveform, photoperiod can alter circadian
period. In nocturnal rodents, long-day photoperiods shorten period whereas short-day
photoperiods lengthen period. It is thought that these period after-effects reflect encoding
mechanisms distinct from those that regulate circadian waveform (Evans et al., 2013; Kim
& McMahon, 2021; Myung et al., 2015; Tackenberg et al., 2020).
Classic entrainment theory proposes that photoperiodic plasticity in circadian
waveform reflects changes in the phase relationships of separate “Evening” (E) and
“Morning” (M) oscillators within the SCN network (Pittendrigh & Daan, 1976). The two
oscillators are thought to have different properties. The E oscillator drives activity onset,
entrains to dusk, runs faster than 24 h (< 24 h period) but is slowed down by light. In
contrast, the M oscillator drives activity offset, entrains to dawn, runs slower than 24 h (>
24 h period), and is sped up by light. Put another way, the E/M oscillators run at their own
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speeds, but light can bring both periods closer to 24 h. According to this model, the
inherent differences in E/M periods alters the phase angle between them (e.g., they can
“drift apart” with one going slower and one going faster), which increases the duration of
subjective night (Elliott & Tamarkin, 1994; Gorman et al., 1997; Pittendrigh, 1974). Work
over the last several decades has supported this hypothesis and suggests that E/M
oscillators may be differentially localized to distinct parts of the SCN (Inagaki et al., 2007;
VanderLeest et al., 2007; Yoshikawa et al., 2017). Bioluminescence recordings of SCN Per
expression revealed distinct oscillating clusters in the anterior and posterior SCN (Inagaki
et al., 2007; Yoshikawa et al., 2017). Further, posterior SCN oscillations were phase-locked
to activity offset (Morning) and anterior SCN oscillations were phase-locked to activity
onset (Evening). Both AVP and VIP were expressed in the anterior oscillating region,
though mostly AVP was identified in the posterior region (Yoshikawa et al., 2017).
Although this work provides insight on the identity and location of E and M oscillators,
the mechanisms regulating SCN organization of different neuronal subclasses remains
unknown. Prior work has indicated both VIP and GABA signaling in photoperiodic
responses. For example, short days extended by in vivo optogenetic stimulation of SCN
VIP is sufficient to mimic the SCN organization and behavior displayed under long day
photoperiods (Tackenberg et al., 2020). Further, photoperiod regulates SCN chloride
transporters and can increase excitatory responses to GABA, which alters the phase
relationships between SCN compartments (Farajnia et al., 2014; Myung et al., 2015; Rohr
et al., 2019). However, the SCN synthesizes many signals, so it is likely that additional
signals contribute to photoperiodic responses.
One additional signal that could modulate the SCN circuits under photoperiodic
conditions is the neuropeptide somatostatin (SST). Photoperiod modulates SST expression
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in hypothalamic regions regulated by the SCN (Dulcis et al., 2013). Building on this
finding, my work has demonstrated that photoperiod also regulates SST expression within
the SCN (Chapter 2), suggesting that SST may be involved in photoperiodic changes
within the network. Here I test the extent to which SST contributes to photoperiodic
changes in daily rhythms using a battery of circadian behavioral assays. I reveal that
photoperiod responses are enhanced in mice lacking SST due to germline deletion (i.e.,
Sst-/- mice). Lack of SST specifically altered circadian waveform, both under entrainment
and in after-effects, but did not alter circadian period. Photic resetting responses to
discrete light pulses did not differ by genotype, indicating that the behavioral phenotype
of Sst-/- mice was not due to altered photic responses to short light pulses. Indeed, Sst-/mice also displayed increased sensitivity under other entrainment assays where behavior
is driven by long light exposure (e.g., simulated jetlag and constant light). Interestingly,
behavior and the role of SST in these later behavioral assays was influenced by sex, with
enhanced responses in female mice and male Sst-/- mice. Overall, these data suggest that
SST contributes to photoperiodic entrainment and circadian responses to light by
modulating SCN circuits that are influenced by sex.
Materials and Methods
Mice and Husbandry Conditions
Mice were bred and raised under a 24-hour light-dark cycle with 12 hours of light
and 12 hours of darkness [L12; lights off at 1800 CST, defined as Zeitgeber Time 12 (ZT12)].
Throughout life, ambient temperature was maintained at 22°C ± 2°C, and mice had ad
libitum access to water and food (Teklad Rodent Diet 8604). Founder Sst-/- mice were
provided generously by Dr. Malcolm Low (Low et al., 2001) and crossed to
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PER2::LUCIFERASE mice (Yoo et al., 2004) on a C57BL/6J background. Wild-type Sst+/+
and heterozygous Sst+/- mice with the PER2 transgene were used as controls. At weaning,
mice were group housed in cages without running wheels. For experiments, mice were
transferred to individual wheel-running cages. Both male and female mice were used in all
experiments. All procedures were conducted according to the NIH Guide for the Care and
Use of Animals and were approved by the Institutional Animal Care and Use Committees
at Marquette University.
Experiment 1: To test whether SST modulates behavioral responses to day length,
male and female Sst+/+;PER2::LUC mice, Sst+/-;PER2::LUC mice and Sst-/-;PER2::LUC mice
(12-21 weeks; n = 11-23/genotype/photoperiod) were entrained to L12, L20, or L04 for 10
weeks (lights off/ZT12 at 1800 CST for all photoperiods). Average photophase illumination
was 1099 ± 13 lux and the scotophase was completely dark. Different genotypes of mice
were exposed to similar levels of light intensity (Oneway ANOVA: F(2, 155)= 0.96, p =
0.39), and activity levels in the light were not correlated with light intensity (Bivariate Fit
– p > 0.5 for all weeks).
Experiment 2: To test whether SST modulates photoperiodic after-effects, mice
from Experiment 1 were released from L12, L20 and L04 into constant darkness (DD; 0
lux). After 3 weeks of free-run, mice were used to test if SST modulates the circadian
resetting response to short light pulses. At times spanning the circadian cycle, mice were
exposed to a 20 min light pulse (intensity: 1099 ± 13 lux). Each mouse received 3-4 light
pulses separated by a minimum of 10 days to construct full photic phase response curves
(PRCs) for each genotype and sex.
Experiment 3: To test whether SST affected response to simulated jetlag, male and
female Sst+/+ and Sst-/- mice (n = 18-21/genotype) were entrained to LD12:12 prior to a 6 h
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advance of the light-dark cycle. Average photophase illumination was 296 ± 3 lux and the
scotophase was completely dark. Photophase illumination in this experiment was lower
than that used in other experiments to avoid ceiling effects that high intensity light can
produce in this assay (i.e., very rapid re-entrainment to the new LD cycle). Different
genotypes of mice were exposed to similar levels of light intensity (Oneway ANOVA: F(2,
57) = 0.28, p = 0.75), and days to re-entrain were not correlated with light intensity
(Bivariate Fit – p > 0.5 for all weeks).
Experiment 4: To test whether SST modulates parametric responses to constant
light, male and female Sst+/+ and Sst-/- mice (n = 7-16/genotype/sex) were transferred from
L12 into constant light (LL) for 8-13 weeks. Average LL illumination was 1211 ± 25 lux.
Different genotypes of mice were exposed to similar levels of light intensity (Oneway
ANOVA: F(1, 42) = 0.03, p = 0.85), and overall activity levels were not correlated with light
intensity (Bivariate Fit – p > 0.5 for all weeks).
Wheel Running Data Collection and Analyses
Wheel-running data collected and analyzed using ClockLab software (Actimetrics,
Wilmette, IL). During experiments, mice remained relatively undisturbed except for
routine husbandry. Cages were changed once every 2-3 weeks starting 30-60 min before
ZT12 under entrained conditions. Under constant conditions, the time of activity onset
was projected using linear regression fits and cage changes were executed under dim red
light in the hour before onset to minimize disturbance in activity record. To quantify
circadian waveform under L12, L20, and L04 conditions, the duration of the behavioral
active phase (i.e., alpha) was measured by the difference between locomotor activity offset
and onset on each day of the experiment. To quantify masking under L20, the proportion
of activity during the scotophase and the 4 hours before and after the scotophase were
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quantified. The architecture of nighttime activity patterns was assessed by quantifying
duration and consistency of non-active bouts during the scotophase (“siestas”; Ehlen et al.,
2013). Under DD, free-running period length was calculated using the slope of the linear
regression fit to the first 7 consecutive activity onsets after release. In addition, alpha was
quantified daily for the first 7-10 days of DD and averaged weekly over the first 3 weeks of
DD. To compare alpha change across sex and genotype, DD alpha was normalized to
alpha in the week prior to DD. To construct the photic PRC, phase resetting was
quantified by calculating the difference between linear regression lines fit to 4 consecutive
activity onsets before and after each light pulse. Recovery from simulated jetlag was
quantified for each mouse by calculating the number of days required for activity onsets to
advance by 6 h (i.e., align to new lights off). Last, loss of rhythmicity under LL was
quantified by visual inspection and χ2 periodogram analyses.
Statistical analyses
Data are represented in Figures as Mean ± SEM. Statistical analyses were
performed with JMP software (SAS Institute, Cary, NC). When models contained withinsubject factors (Week or Day), a mixed ANOVA was used to parse out random effects
driven by individual differences among mice. When models only contained betweensubject factors, a full-factorial (FF) ANOVA was used to assess the effects and interactions
of one to three factors: 1) SST Genotype, 2) Photoperiod, and/or 3) Sex. For each
experimental dataset, the results were then analyzed separate for each sex. Post-hoc tests
were performed with Tukey’s HSD or LSM contrast to control for family-wise error.
Statistical significance was set at p < 0.05.
Results
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SST modulates photoperiodic entrainment of locomotor activity rhythms
To test the influence of SST on photoperiodic behavior, activity rhythms of
knockout Sst-/- mice were recorded alongside wild-type Sst+/+ and heterozygous Sst+/controls. Knockout Sst-/- mice did not differ from wild-type Sst+/+ and heterozygous Sst+/controls in body weight (Table 3.1; Females: F(2, 59) = 0.29, p = 0.75; Males: F(2, 61) =
0.62, p = 0.54) or overall activity levels under any photoperiod (Figure 3.1D; L12: GT - F(2,
50) = 0.37, p = 0.7; L04: GT - F(2,55) = 0.2, p = 0.84; L20: GT - F(2,50) = 0.4, p = 0.69).
Under L12 conditions, daily rhythms and entrainment patterns were similar across
genotype (Figure 3.2A-B, Two-way ANOVA - GT*Week: F(18,396) = 0.7, p = 0.8). Mice of
all groups consistently began activity around the time of lights-off and ended activity
around the time of lights-on (Figure 3.2B). No sex differences were observed in
photoentrainment, but males displayed more inactivity during the scotophase relative to
females (Figure 3.2C; F(1,28) = 7.94, p < 0.009), consistent with previous work (Ehlen et al
2013). Total siesta time did not differ by genotype under L12 (Figure 3.2D; F(2,28) < 1).
Taken together, these results indicate that lack of SST does not affect circadian
entrainment under standard lighting conditions.
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Figure 3.1. Lack of SST does not alter overall activity levels. (A-C) Representative doubleplotted, wheel-running actograms from each sex and photoperiod. Grey shading indicates times of
darkness. Light and dark bars above each column of actograms reflects when lights are on or off,
respectively. (D) Activity levels across photoperiod did not differ by genotype.
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Table 3.1 – Body weight profiles in behavioral experiments were not different across genotype
Sex

N

Sst +/+
Sst +/Sst -/Sst +/+
Sst +/Sst -/-

F
F
F
M
M
M

21
20
16
25
18
16

13
12
11
10
9
0

Total “Siesta”
Time (h)

C

Sst +/+

Sst +/-

Weight Change
(g ± SEM)
3.14 ± 0.86
3.48 ± 0.88
3.68 ± 1.01
6.83 ± 1.2
9.56 ± 1.48
10.89 ± 1.62

Sst -/-

B

n.s.
0 1 2 3 4 5 6 7 8 9 10
Weeks Entrainment

2.0
1.5

D

*

1.0
0.5
0.0

MaleL12Female

Total “Siesta”
Time (h)

Alpha (h)

A

Start Weight
(g ± SEM)
31.86 ± 1.22
33.34 ± 1.27
36.22 ± 2.39
40.85 ± 1.69
35.63 ± 1.8
39.91 ± 1.97

Hours after lights off
0

Weeks Entrainment

Genotype

4

12 16

2
4
6
8

10
Onset

2.0

8

Offset
n.s.

1.5
1.0
0.5
0.0

L12+/- Sst -/Sst +/+ Sst

Figure 3.2. Lack of SST does not alter daily rhythms and entrainment under L12. (A) Activity
duration (i.e., alpha) did not differ by genotype over 10 weeks under L12. (B) Activity onset and
offset by genotype. All mice began activity around lights off (left dashed line) and ceased activity
around the time lights came on 12 hours later (right dashed line). (C) Males displayed larger daily
amount of scotophase inactivity (i.e., “siesta”) under L12. (D) Siesta duration under L12 did not
differ by genotype. * post-hoc comparisons, p < 0.05

Under L20, knockout Sst-/- mice displayed greater plasticity of circadian waveform
relative to wild-type Sst+/+ and heterozygous Sst+/- controls. All mice exposed to L20
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ultimately compressed their activity to adjust to the shorter nighttime (Figure 3.1B). For
the first several weeks of L20, the activity of most mice extended beyond the end of the
scotophase, reflecting the central clock’s previously entrained state under L12. Activity
offset advanced over subsequent weeks, causing reductions in alpha, which is typically
interpreted as reflecting re-entrainment of the underlying circadian clock. Relative to
controls, knockout Sst-/- mice displayed a more immediate reduction of alpha and larger
compression of alpha over the duration of the experiment (Figure 3.3A, Two-way ANOVA
- GT*Week: F(18,450) = 2.33, p = 0.002; LSM contrasts, p < 0.002 at all weeks). This
genotype difference was driven specifically by an earlier time of activity offset in knockout
Sst-/- mice (Figure 3.3C-D; Off- GT: F(2,50) = 11.9, p < 0.0001; GT*Week: F(18,450) = 2.8, p
= 0.0001, Week: F(9,450) = 66.6, p < 0.0001). Since genotype did not alter overall activity
levels under L20 (Figure 3.1D, F(2,50) = 0.4, p = 0.69), enhanced alpha compression in
knockout Sst-/- mice suggests that lack of SST caused redistribution of activity rather than
acute suppression by light (e.g., masking).
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Figure 3.3. Knockout Sst-/- mice displayed greater plasticity of circadian waveform under
L20. (A) Representative double-plotted, wheel-running actograms from mice under L20. Lighting
conditions are illustrated with white:black bars and internal shading. (B) Mice lacking SST
displayed larger photoperiodic modulation of alpha over 10 weeks of L20 entrainment. (C) Activity
onset and offset by genotype. Activity offset occurred after lights on (right dashed line) in all
groups but mice lacking SST displayed progressively earlier activity offset over 10 weeks of L20
entrainment. (D) Quantification of phase angle of entrainment under L12 and L20 by genotype
illustrating advanced activity offset in knockout Sst-/- mice. * post-hoc comparisons, p < 0.05

To test potential masking effects more directly, I next evaluated levels of activity
during the light. Since more activity in the light was observed primarily in L20 (Figure
3.3A; FF Mixed Model ANOVA - PP: F(2,149) = 11.0, p < 0.0001), I compared activity in the
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light across genotype specifically in that photoperiod (Figure 3.4A). I specifically assessed
activity in the 4 h around the “dusk” and “dawn” transitions both early (2 weeks) and late
in entrainment (8 weeks; Figure 3.4B-C). At each timepoint, activity levels at dusk did not
differ by genotype (Figure 3.4C; GT: F(2,51) = 2.2, p = 0.12). In contrast, activity after dawn
did differ by genotype (Figure 3.4D). Relative to wild-type Sst+/+ and heterozygous Sst+/controls, knockout Sst-/- mice displayed decreased peri-dawn activity levels during the 2nd
week of entrainment (RM FF Mixed Model ANOVA, GT: F(2,51) = 5.6, p = 0.006; Week:
F(1,51) = 16.13, p = 0.0002; GT*Wk: F(2,51) = 1.13, p = 0.33, LSM Contrast, p = 0.01). After 8
weeks of L20, heterozygous Sst+/- and knockout Sst-/- mice displayed lower peri-dawn
activity levels relative to week 2, but wild-type mice did not (Figure 3.4D). Wild-type Sst+/+
mice decreased peri-dawn activity from 13% to 11.5% (LSM Contrast, p = 0.2), whereas
heterozygous Sst+/- mice decreased from 13% to 10% (LSM contrast, p = 0.02) and
knockout Sst-/- mice decreased from 7% to 3% (LSM contrast, p < 0.002). In parallel, Sst-/mice exhibited a simultaneous increase in scotophase activity (Figure 3.4E; FF RM Mixed
Model ANOVA - F(2,51) = 6.9, p = 0.002, Tukey’s HSD, p = 0.002), After 8 weeks of
entrainment, Sst-/- mice concentrated 94% (± 2.6%) of their daily activity during the
darkness, versus 80% ( ± 2.5%) for wild-type Sst+/+ mice (LSM contrast, p = 0.0001). Taken
together, the systematic changes in alpha and peri-dawn activity levels are consistent with
the interpretation that lack of SST influenced L20 entrainment rather than masking.
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Figure 3.4. Altered entrainment under L20 is not due to increased masking. (A) Percent of
daily activity during the L20 photophase divided by genotype. (B) Average activity profiles by
genotype for weeks 2 and 8 of L20 entrainment. (C-E) Changes in peri-dusk and dawn activity
levels during weeks 2 and 8 under L20 corresponded with increased scotophase activity levels.
* Different from wild-type, post hoc comparisons, p < 0.05; & Difference from Week 2, post-hoc
comparisons, p < 0.05.

Further, the circadian behavior of knockout Sst-/- mice differed under L04, a
condition where photic masking is minimal. Overall, mice exposed to L04 altered the
phase angle of entrainment and expanded alpha. Under this condition, a subset of mice
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entrained to dusk, whereas other mice delayed activity onset and entrained to dawn (see
actograms, Figure 3.1C). Individual differences in the phase angle of entrainment were
observed in all genotypes, but alpha was altered in knockout Sst-/- mice. Relative to wildtype Sst+/+ and heterozygous Sst+/- controls , knockout Sst-/- mice expanded alpha to a
larger extent under L04 (Figure 3.5A-C; Full-Factorial Mixed Model RM ANOVA, GT:
F(2,55) = 3.5, p = 0.04, Week: F(9,495) = 24.6, p < 0.0001; GT*Week: F(18,495) = 1.5, p =
0.08), with large increases in alpha over the first four weeks of entrainment (Figure 3.5C
LSM Contrasts- Week4, p < 0.0005; Week3 = 0.045, Wk 5 = 0.025, latter two
comparisons n.s., with family wise correction). Genotype differences were driven by
changes in activity offset (Figure 3.5D; Off- GT: F(2,55) = 3.16, p = 0.05; Week: F(9,495) =
47.8, p < 0.0001; GT*Week: F(18,495) = 0.80, p = 0.7), the same clock phase marker as in
L20. Overall activity levels did not differ by genotype under L04 (Figure 3.1D; GT: F(2,55)
= 0.2, p = 0.84, Week: F(9,495) = 29.5, p < 0.0001; GT*Week: F(18,495) = 1.6, p = 0.046),
but changes in architecture of activity were detected. Under L04, knockout Sst-/- mice
increased total siesta time (Figure 3.5E, Genotype: F(2, 80) = 2.69, p = 0.07, LSM contrast,
p = 0.01). Thus, lack of SST modulates the clocks response to both short day and long-day
photoperiods, suggesting that these effects are due to differences in photoperiodic
entrainment rather than masking.
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Figure 3.5. Sst-/- mice displayed greater plasticity of circadian waveform under L04. (A)
Representative double-plotted, wheel-running actograms from mice under L04. Lighting
conditions are illustrated with white:black bars and internal shading. (B) Activity onset and offset
by genotype. Activity onset occurred progressively later than lights off (left dashed line); activity
onset occurred progressively closer to lights on (right dashed line) and mice lacking SST displayed
latest offset after 5-6 weeks weeks of L04 entrainment. (C) Mice lacking SST displayed larger
photoperiodic modulation of alpha over 10 weeks of L04 entrainment. (D) Quantification of phase
angle of entrainment under L04 and L12 by genotype illustrating relatively delayed activity offset in
knockout Sst-/- mice. * post-hoc comparisons, p < 0.05.

Release into constant conditions reveals SST contributes specifically to circadian waveform
Next, I released mice into constant conditions (DD) to evaluate whether SST
modulates circadian after-effects that are indicative of changes in the central clock. After
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DD release, I quantified circadian after-effects in alpha and period (Figure 3.6B-D). L20
mice increased alpha under DD and knockout Sst-/- mice displayed a modest trend toward
greater alpha expansion relative to controls during the first week after release (Figure
3.6C; GT: F(2,40) = 2.38, p = 0.1; Wk1 Day: F(6, 240) = 35, p < 0.0001; GT*Day: F(12, 240)
= 1.5, p = 0.1). In the following weeks, knockout Sst-/- demonstrated significantly greater
alpha expansion in compared to controls (GT: F(2,40) = 5.2, p = 0.0097; Week: F(2,80) =
90.1, p < 0.0001; GT*Week: F(2,80) = 1.5, p = 0.22, Tukey’s HSD, p < 0.01). Genotype did
not influence alpha expansion after release from L12 or L04 (L12: - GT: F(2,30) = 0.3, p =
0.72; Week: F(2,60) = 8.9, p < 0.0005; GT*Week: F(2,60) = 0.4, p = 0.83; L04- GT: F(2,81)
= 0.4, p = 0.70; Week: F(2,162) = 2.6, p = 0.08; GT*Week: F(2,162) = 0.9, p = 0.5).
Genotype also did not influence photoperiodic after-effects in circadian period (Figure
3.6D, GT: F(2,151) = 2.13, p = 0.13, PP: F(2,151) = 285.42, p < 0.0001). After-effects in
circadian period were inversely proportional to day length (i.e., shorter after L20 and
longer after L04, LSM Contrast, p < 0.0001), consistent with previous work (Evans et al.,
2013; Tackenberg et al., 2020). Last, the photic PRC was not different across genotypes
(Figure 3.6E; F(2,92) = 1.62, p = 0.2). These data indicate that lack of SST specifically
affects altering photoperiodic plasticity in circadian waveform, rather than circadian
period or photic resetting.
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Figure 3.6. Lack of SST modulated circadian waveform after DD release, but not circadian
period or photic resetting. (A) Representative wheel-running actograms illustrating daily
rhythms of Sst+/+ and Sst-/- mice under constant darkness (DD) and after exposure to a 20-minute
light pulse (LP, red asterisk). Lighting conditions are illustrated with white:black bars and internal
shading. (B) Alpha change by genotype during the first week under DD after L12 and L04. (C)
Alpha change by genotype during the first 7 days (left) and 3 weeks (right) after DD release from
L20. (D) Photoperiodic modulation of period did not differ by genotype. Letters indicate significant
difference between each photoperiod. (E) Photic PRCs differed by sex, but not by genotype. * posthoc comparisons, p < 0.05
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SST modulates other circadian responses to light
Given that non-parametric responses to short light pulses were not affected by lack
of SST but photoperiodic entrainment was, I next tested whether other parametric
responses were likewise affected. First, I assessed responses to simulated jetlag, which is
an assay that monitors how mice re-entrain to a “new time zone” simulated by an abrupt 6
h advance in the LD cycle. As expected, control mice gradually shifted locomotor activity
to align with the new L12 schedule, requiring 6 to 8 days to fully re-entrain. In all groups
activity offset rapidly shifted (likely due to photic masking), but activity onset gradually
advanced, resulting in several days of “transient” cycle marked by alpha expansion (Figure
3.7A). Relative to wild-type, recovery from simulated jetlag was accelerated in knockout
Sst-/- mice, requiring 4-6 days to re-entrain (Figure 3.7B; re-entrain onset: F(2,57) = 5.1, p =
0.009, Tukey’s HSD, p = 0.02). Next, I tested if lack of SST influenced responses to
constant light (LL; Figure 3.8C). In nocturnal rodents, LL causes suppression of activity
levels, lengthened circadian period and/or changes in circadian waveform (i.e., arrythmia,
“splitting”; Hughes et al., 2015; Pittendrigh & Daan, 1976). Over 13 weeks of LL, more
knockout Sst-/- mice developed arrhythmic activity patterns (Figure 3.7D; Proportion of
mice A~: χ2(2) = 7.0, p = 0.02 Periodogram strength: t(44) = 2.6, p = 0.01). Taken
together, these data indicate that lack of SST renders mice more sensitive to light under
three different behavioral assays, suggesting that SST signaling increases circadian
robustness under physiological conditions.
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Figure 3.7. Figure 3.7. Sst-/- mice are more sensitive to simulated jetlag and constant light.
(A) Representative double-plotted wheel-running actograms from mice exposed to simulated jetlag
(6 h advance). Lighting conditions are illustrated with white:black bars and internal shading. (B)
Days to re-entrain to new LD cycle. (C) Representative actograms from mice exposed to constant
light (LL). (D) Incidence of LL-induced arrythmia. * post-hoc comparisons, p < 0.05.

Phenotype of SST knockout mice is influenced by sex
Males and females were included in all the above experiments, and in each case
the phenotype of Sst-/- mice was influenced by sex. As expected, females displayed higher
overall activity levels than males (Figure 3.8C; FF Mixed Model ANOVA F(1,140) = 58.33, p
< 0.0001). Under L20, both male and female Sst-/- mice compressed alpha to a greater
extent relative to sex-matched wild-type Sst+/+ controls (Figure 3.8A-B; FF Mixed Model
ANOVA, F(1,47) = 20.01, p < 0.0001), suggesting that lack of SST alters entrainment of
both sexes. Interestingly, females exposed to L20 displayed less alpha compression than
their male counterparts (Figure 3.8A-B; F(2,47) = 21.739, p < 0.0001), in line with their
overall greater amount of activity. Under L04, lack of SST altered waveform in both sexes,
but with different patterns. Male and female Sst-/- mice both appeared to expand alpha
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more than wild-type controls (Figure 3.8A-B, top). Alpha expansion under L04 was
significant but transient in Sst-/- females (GT: F(1,17) = 4.18, p = 0.05; GT*Wk: F(9,153) =
2.12, p = 0.03), and Sst-/- male alpha was not statistically different from wild-type controls
(GT: F(1,14) = 2.16, p = 0.16). Notably, male Sst-/- mice were the only group to display
increased siesta duration under L04 (Figure 3.8C; Males- LSM contrast, p = 0.0004;
Females- LSM contrast, p = 0.78).

Figure 3.8. Sex differences in photoperiodic waveform, overall activity, and siesta duration.
(A) Photoperiodic modulation of male Sst +/+ and Sst-/- circadian waveform during entrainment
under L04, L12, and L20. (B) Photoperiodic modulation of female circadian waveform as in A. (C)
Females displayed more overall activity than males regardless of genotype. (D) Under L04, males
had longer siesta duration than females, and Sst-/- males progressively increased siesta duration
over 10 weeks of entrainment. * post-hoc comparisons, p < 0.05
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Figure 3.9. Lack of SST modulated male and female circadian waveform after DD release.
(A) Representative wheel-running actograms illustrating daily rhythms of Sst+/+ and Sst-/- mice
under L20 followed by release into constant darkness (DD). Lighting conditions are illustrated with
white:black bars and internal shading. (B) Sst+/+ and Sst-/- alpha change by sex during the first week
(left) and following weeks (right) in DD after L20 entrainment. (C) Photoperiodic modulation of
period did not differ by genotype or sex. Letters indicate significant difference between each
photoperiod. (E) Photic PRCs differed by sex, but not by genotype. * post-hoc comparisons, p <
0.05.

After release from L20 into DD, both male and female Sst-/- mice displayed greater
expansion relative to wild-type counterparts (Figure 3.9B; Males: F(2,87) = 7.3, p = 0.001;
Females: F(2,24) = 22.7, p < 0.0001). Photoperiodic modulation of circadian period did
not differ by genotype in either sex (Figure 3.9C; PP*GT*Sex: F(4,142) = 0.97, p = 0.42),
and photic resetting effects differed by sex independent of genotype (Figure 3.9D-E,
Sex*Time: F(3,74) = 3.62, p = 0.01; GT*Sex*Time: F(3,74) < 1). Female mice had a larger
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“delay” region of the PRC, consistent with previous work (Blattner & Mahoney, 2013;
Brockman et al., 2011). Further, female mice recovered from jetlag faster than males
(Figure 3.10; F(2,54) = 12.27, p < 0.001), which is also consistent with previous work
(Feillet et al., 2016; Rohr et al., 2021). Interestingly, lack of SST accelerated recovery from
simulated jetlag only in males (Figure 3.10, Males: F(2, 27) = 7.92, p = 0.002; Females: F(2,
27) = 1.49, p = 0.24).

Figure 3.10. Lack of SST accelerates recovery from jetlag in males. (A) Re-entrainment of male
and female Sst+/+ and Sst-/- mice after a 6 h advance of the light cycle. (B) Lack of SST resulted in
accelerated recovery from jetlag specifically in males due to an already accelerated recovery
observed in wild-type females.

Increased arrythmia under LL was likewise driven by male Sst-/- mice (Figure 3.11B,
Proportion A~: Males- χ2(1) = 7.6, p < 0.006; Females- χ2(1) = 0.5, p = 0.44). Lack of SST
did not alter female response to LL because female controls already displayed a higher
incidence of LL-induced disruption compared to male counterparts (Figure 3.11C,
Proportion A~: Males: t(27) = 2.52, p = 0.01), Females: t(6.5) = 1.94, p = 0.09). Overall, this
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pattern of results indicates that lack of SST differentially affects males and females when
there is a large sex difference in wild-type controls mice, suggesting that SST signaling
interacts with SCN circuits that are sexually dimorphic.

Figure 3.11. Sst-/- mice are more sensitive to simulated jetlag and constant light. (A)
Representative double-plotted wheel-running actograms and strength of dominant circadian
period from mice exposed to constant light (LL). Lighting conditions are illustrated with
white:black bars and internal shading. (B) Incidence of LL-induced arrythmia and (C) power of χ2
periodogram, * post-hoc comparisons, p < 0.05.
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Discussion
Here I demonstrate that lack of SST alters circadian responses to light under three
different behavioral assays. SST knockout altered circadian waveform after transfer to
both long and short photoperiod, but there were no genotype differences when mice were
maintained on standard colony lighting conditions. Overall, these data indicate that SST
modulates entrainment to changes in day length rather than sensitivity to the masking
effects of light. Further, photoperiodic modulation of circadian period and photic phase
resetting did not differ by genotype, suggesting a specific influence of SST signaling on
light-driven changes in circadian waveform. Lack of SST also accelerated jetlag recovery
and increased incidence of arrhythmia under LL. These latter two phenotypes were
specific to males, as was the increased siesta duration observed in knockout Sst-/- mice
under the short-day photoperiod. Taken together, these findings demonstrate that SST
contributes to photoperiodic entrainment and interacts with SCN circuits that are sexually
dimorphic.
Lack of SST alters photoperiodic entrainment
I find that SST influences photoperiodic modulation of locomotor activity patterns
rather than masking effects of light. First, overall activity levels did not differ by genotype
in either photoperiod, suggesting that lack of SST causes mice to redistribute daily activity
across the LD cycle. Further, all mice displayed photoperiodic changes in alpha and peridawn activity levels indicative of true re-entrainment. In particular, mice exhibited a
gradual decrease of activity in the peri-dawn interval with concomitant increases in
scotophase activity. In addition, lack of SST also influenced photoperiodic modulation of
locomotor rhythms under L04, a condition where photic masking is reduced relative to
L20. Expansion of alpha by male L04 Sst-/- mice coincided with an increase in the amount
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of nighttime “siesta”, further supporting the idea that lack of SST altered circadian
waveform through a difference in the distribution of activity. Taken together, these
findings suggest that altered photoperiodic behavioral in Sst-/- mice is caused by a change
in photoperiodic entrainment, not increased sensitivity to the masking effects of light.
My findings provide some insight into how circadian waveform is altered by the
lack of SST. I demonstrate that lack of SST alters alpha via changes in the response of
activity offset. Classic entrainment theory posits that circadian waveform is regulated by
separate “Evening” and “Morning” oscillators, which are coupled to one another but
differentially regulate biological events at dusk and dawn due to differences in period and
responses to light (Pittendrigh & Daan, 1976). Work over the last 20 years supports this
model and suggests that “Evening” and “Morning” oscillators represent clusters of SCN
cells that are located in different parts of the SCN network (i.e., Morning: posterior SCN,
Evening: anterior SCN; Evans et al., 2013; Inagaki et al., 2007; VanderLeest et al., 2007;
Yoshikawa et al., 2017). Thus, it is possible that lack of SST alters waveform through
effects on distinct SCN subclusters and/or their nature of their interactions.
In contrast to waveform, lack of SST did not alter circadian period after-effects in
constant conditions. In the SCN, photoperiodic after-effects on circadian period involve
regional modulation of period, cellular-level epigenetic changes, and GABA signaling
(Azzi et al., 2017; Myung et al., 2015). Like waveform, these are fundamental changes to
the state of the SCN network that create observable after-effects in behavior. Entrainment
to long photoperiods results in a short free-running period after release into constant
conditions and entrainment to shorter photoperiods results in a longer free-running
period (Aton et al., 2004; Azzi et al., 2017; Molyneux et al., 2008; Pittendrigh & Daan,
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1976; Tackenberg et al., 2020). My results indicate that lack of SST does not alter
mechanisms underlying this form photoperiodic encoding.
Somatostatin alters circadian responses to parametric light exposure
The pattern of data in other several other photic assays indicates that lack of SST
alters specific circadian responses to light. Although the photic PRC did not differ by
genotype, the lack of SST affected circadian responses to light under altered photoperiods,
simulated jetlag, and LL. This suggests that SST signaling modulates parametric responses
to light, but not non-parametric photic resetting. Photic resetting involves activation of
intrinsically photosensitive retinal ganglion cells (ipRGCs) that release glutamate into the
SCN, activate post-synaptic NMDA receptors, and stimulate CRE-mediated transcription
to reset the molecular clock (Quintero et al., 2003; Sakamoto et al., 2013). The ipRGC-SCN
pathway is also necessary for parametric responses (Güler et al., 2008); however, the
network mechanisms underlying SCN responses to parametric light exposure are not wellunderstood. Overall, the present results indicate that lack of SST enhances parametric
light responses by decreasing resistance to photic perturbation (i.e., less circadian
robustness). During jetlag, the retinorecipient SCN core shifts rapidly to the new LD cycle,
with full behavioral recovery coincident with the ultimate re-entrainment of the SCN shell
(Davidson et al., 2006; Evans et al., 2015; Noguchi et al., 2018; Sellix et al., 2012). Under
LL, arrythmia reflects desynchronization among SCN neurons due to decreased
intercellular coupling in the network (Evans et al., 2012; Ohta et al., 2005). Thus, SST may
increase circadian robustness by altering photic sensitivity and/or coupling of distinct
SCN subclusters. Given that I have detected Sst-tdT expression in the retina and optic
tract (Chapter 2), it is possible that lack of SST in the germline knockouts used here
directly impacts retinal function or acts in non-SCN regions of the brain (e.g., PeVN,
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PVN). Alternatively, lack of SST may impact SCN function itself. For example, SST
signaling may regulate photic processing in the SCN core (Vosko et al., 2007).
Manipulation of VIP signaling influences circadian responses to photoperiod (Lucassen et
al., 2012; Tackenberg et al., 2021), simulated jetlag (Harmar et al., 2002; Hughes et al.,
2015; Joye et al., 2020), and LL (Hughes et al., 2015). Thus, SST and VIP influence the
same suite of behaviors. Importantly, mistimed VIP release can desynchronize the SCN
network (Ananthasubramaniam et al., 2014), indicating that this peptide must be tightly
regulated for proper SCN function. Another possibility is that SST alters SCN coupling by
modulating GABA, although the role of this signaling mechanism has been most strongly
linked to photoperiodic after-effects in circadian period (Myung et al., 2015). The present
findings indicate selective effects of SST that specifically modulate waveform after-effects,
which is more consistent with interactions with VIP signaling rather than GABA.
Additional work will be required to test mechanisms by which SST increases robustness of
daily rhythms and whether this is attributed to effects on SCN circuits.
The influence of SST on circadian photic responses is dependent on sex
Under all three behavioral assays, the phenotype of knockout Sst-/- mice was
influenced by biological sex. Interestingly, differential effects of SST knockout were
observed when there was a strong sex difference in behavioral responses detected in wildtype controls. In both sexes, lack of SST increased responsiveness to both long and short
photoperiodic conditions, but increased siestas under L04 was a male-specific phenotype.
Consistent with the present findings, previous work has demonstrated that male mice
display more siesta time than females (Ehlen et al., 2013) and that siesta time is
augmented by short photoperiods in male rats (Franken et al., 1995). Previous
photoperiodic studies have largely used seasonal breeding rodents other than mice (e.g.,
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hamsters); however, some work suggests that there are sex differences in photoperiodic
responses (Ben-Hamo et al., 2016; Prendergast et al., 2013; Weinert et al., 2005; Widmaier
& Campbell, 1980). Further, lack of SST increased sensitivity to jetlag and constant light
only in males, because wild-type females already displayed greater sensitivity under both
these assays. In addition to the present results, previous work indicates that female mice
are better able to re-entrain to simulated jetlag (Feillet et al., 2016; Rohr et al., 2021),
entrain to non-24 h LD cycles (Walbeek & Gorman, 2017), maintain plasticity of circadian
waveform into old age (Walbeek et al., 2019), and females respond differently to LL than
males (Blattner & Mahoney, 2012; Cambras et al., 2011; Morin et al., 1977; Morin &
Cummings, 1981, 1982). This pattern of results suggests that SCN circuits are sexually
convergent (i.e., built differently to function similarly) and that manipulations of photic
conditions reveal sexual divergence (i.e., sex differences emerge after challenge to the
system). My finding that males display increased sensitivity to both jetlag and LL without
SST, suggests that SST signaling may increase robustness of the male SCN in particular. In
Chapter 2, I found that SCN SST expression was rhythmic only in males, which may
contribute to the sexually divergent response to SST loss. It remains difficult to
manipulate the daily patterning of cellular signaling in the SCN under long-term
entrainment conditions like those used here, but how SST signaling might interact with
SCN circuits that differ by sex should be explored in future work.
Despite previous work indicating sex differences in photic responses, there is very
little work that investigates circadian mechanisms of photic sensitivity in both males and
females. A recent metanalysis found that fewer than 7% of circadian studies include
females when evaluating behavioral response to light (Lee et al., 2021). Under standard
lighting conditions, wild-type male and female mice display minor, and mostly
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inconsistent differences in behavioral entrainment (Joye & Evans, 2021; Kuljis et al., 2013;
Rohr et al., 2021). Under L12, male and females differ in SCN electrical properties at
specific phases of the circadian cycle (Kuljis et al., 2013), but do not differ in basic
properties of SCN molecular rhythms (Kuljis et al., 2013; Rohr et al., 2021). Females
display larger phase delays in response to discrete light pulses (present results, Blattner &
Mahoney, 2013; Brockman et al., 2011), reflecting sexual differentiation due to gonadal
signaling (Abizaid et al., 2004; Kuljis et al., 2013). Interestingly, SCN rhythms of VIP and
AVP expression are modulated by sex under standard lighting conditions in both
nocturnal and diurnal rats (Gozes et al., 1989; Krajnak et al., 1998; Mahoney et al., 2009).
Further, VIP expression is altered by gonadectomy in females and not males (Gozes et al.,
1989; Krajnak et al., 1998; Rotsztejn et al., 1980). SCN VIP neurons regulate the daily siesta
in male mice (Collins et al., 2020), which was one phenotype observed in Sst-/- mice that
was differentially affected by sex. This adds to observations linking SST to potential
changes in VIP signaling. In cortical circuits, SST- and VIP-expressing cells regulate one
another to modulate activity of pyramidal cells (Fu et al., 2015; Lee et al., 2013; Pfeffer et
al., 2013; Pi et al., 2013). Indeed, some work has shown that silencing SST in such circuits
can be equivalent to activation of VIP (Fu et al., 2015). Previous work in the rat SCN
suggests that SST may regulate VIP to inhibit daytime levels to suppress its circadian
rhythm (Fukuhara, Nishiwaki, et al., 1994). Additional work should test whether lack of
SST modulates VIP expression in the mouse SCN.
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Summary
Overall, the present findings demonstrate that lack of SST alters circadian
responses to parametric light conditions that modulate circadian waveform. Notably,
lack of SST specifically increases sensitivity of the male SCN to photic challenges like
jetlag and LL, with wild-type females exhibiting greater responses that were not
further heightened by lack of SST. Thus, the pattern of these results suggests that the
role of SCN SST differs by sex, and that SCN circuits are sexually dimorphic. My work
suggests that SST may contribute to the robustness of the male SCN, rendering it
more resilient to perturbation relative to females. Understanding the precise
contribution of SST and possible sex differences in the SCN network requires direct
testing of whether lack of SST affects the central clock itself.
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CHAPTER IV
SOMATOSTATIN MODULATES SCN FUNCTION AND NEUROCHEMISTRY
Abstract
Daily rhythms in behavior and physiology are programmed by the central circadian clock,
the suprachiasmatic nucleus (SCN). Individual SCN neurons display intrinsic rhythms in
gene expression that are coordinated by molecular feedback loops. The SCN also encodes
day length (i.e., photoperiod), which is a network-level property rather than a cellular
property like daily rhythms. However, the precise signals and mechanisms underlying
SCN photoperiodic encoding remain unclear. The neuropeptide somatostatin (SST) is
rhythmically expressed in the SCN, and its expression is regulated by photoperiod.
Further, lack of SST alters photoperiod entrainment and behavioral responses to long
durations of light, situating this signal as a potential contributor to SCN photoperiod
encoding. Yet, how SST signaling alters the SCN network is not understood. Here I
evaluate the extent to which SST modulates SCN function. I demonstrate that SST
regulates SCN neurochemistry by modulating the population of SCN neurons that mediate
photic responses (i.e., VIP and GRP neurons). Further, I show that VIP and GRP neurons
express a subtype of SST receptor capable of resetting molecular clock function. Last, I
demonstrate that lack of SST enhances SCN photoperiodic encoding by modulating photic
processing and network communication. Notably, I find that many of the circadian
processes regulated by SST are sexually dimorphic, with lack of SST specifically increasing
circadian robustness in males. Taken together, this work establishes that SST signaling
influences photoperiodic encoding by buffering circadian responses to light and
increasing circadian robustness in a sexually dimorphic manner.
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Introduction
Daily rhythms in behavior and physiology are programmed by the central
circadian clock, the suprachiasmatic nucleus (SCN). Individual SCN neurons display
intrinsic rhythms in gene expression that are coordinated by molecular transcriptionaltranslational feedback loops (TTFLs). The core TTFL required for timekeeping involves
positive regulators Circadian locomotor output cycles kaput (CLOCK) and Brain and
muscle ARNT-like 1 (BMAL1) that initiate transcription of Period (PER) and Cryptochrome
(CRY) genes at the beginning of the circadian day. PER and CRY proteins accumulate
before translocation into the nucleus to inhibit their own transcription. Over the circadian
night, PER and CRY are degraded, CLOCK:BMAL1 are eventually uninhibited, and a new
transcriptional day begins. The molecular clock oscillates on its own and can also be reset
by light. Photic input activates neurons in the core SCN, inducing calcium influx and
depolarization, action potential firing, and Per upregulation (Colwell, 2001; Meijer &
Schwartz, 2003; Vosko et al., 2015). Core cells then propagate timing information to the
surrounding shell region via GABA neurotransmission and neuropeptide signaling,
including vasoactive intestinal polypeptide (VIP) and gastrin-releasing peptide (GRP)
(Albus et al., 2005; Evans et al., 2013; Freeman et al., 2013; Gamble et al., 2007). The SCN
shell uses synaptic and neuropeptide signaling including arginine vasopressin (AVP) to
integrate the new timing information within the network and send output signals to the
brain and body (Maejima et al., 2021; Rohr et al., 2021). Thus, daily timekeeping in the
SCN is a cellular feature, but synchronization to the environment requires both intra- and
intercellular communication.
The SCN also encodes day length (i.e., photoperiod), which is a network-level
property rather than a cellular property like daily rhythms. The SCN encodes photoperiod
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via changes in the shape (i.e., waveform) of neurophysiological rhythms. For example,
longer days lengthen the duration of daily firing in the SCN, whereas shorter days
decrease the duration of daytime firing (Houben et al., 2009; Jagota et al., 2000; Mrugala
et al., 2000; Schaap et al., 2003; VanderLeest et al., 2007). Clock gene expression across
the SCN is also reorganized under photoperiodic conditions (Hazlerigg et al., 2005;
Johnston et al., 2005; Yan & Silver, 2008). Importantly, photoperiodic changes in SCN
waveform persist for several days without photic input (Houben et al., 2009), indicating
that the information is encoded by the SCN network and not passively driven by light
exposure. Photoperiodic modulation of SCN waveform reflects changes in the temporal
(i.e., phase) relationships between SCN cells in distinct regions of the network.
Photoperiodic encoding can reorganize phase relationships across both the anteriorposterior and dorsal-ventral axes of the network (Evans et al., 2013; Hazlerigg et al., 2005;
Inagaki et al., 2007; Jagota et al., 2000). For example, very long photoperiods increase the
phase difference between the SCN core and shell by as much as 12 hours (Evans et al.,
2013). Previous work has also found temporal differences between the anterior and
posterior poles of the SCN that also encode photoperiod (Hazlerigg et al., 2005; Inagaki et
al., 2007; Jagota et al., 2000, p. 200). However, the precise signals and mechanisms
underlying SCN photoperiodic encoding remain unclear.
One potential signal that may contribute to SCN photoperiodic encoding is the
neuropeptide somatostatin (SST). Widely expressed throughout the brain, SST-expressing
cells are an important subset of inhibitory interneurons that regulate the balance of
excitatory and inhibitory signals within neural circuits. SST interacts with SST receptors
(SSTRs) that trigger mostly inhibitory intracellular cascades via Gi/o signaling. There are
five different types of somatostatin receptors (SSTR) that are all coupled to Gi/o
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intracellular cascades, but each receptor is distinct in combined intracellular effects,
cellular localization, and spatial distribution across the brain (Patel, 1999). Activation of
SST receptors decreases intracellular cAMP and inhibits CRE-mediated transcription
(Patel & Srikant, 1997; Theodoropoulou & Stalla, 2013). In both humans and preclinical
rodent models, SST links photoperiod-induced changes in neurobiology to
neuropsychiatric conditions that are known to exhibit seasonal patterns and are linked to
circadian disruption (Robinson & Thiele, 2020). My work and others have shown that
photoperiod modulates SST expression in hypothalamic regions regulated by the SCN and
within the SCN itself (Chapter 2, Dulcis et al., 2013). My work has also demonstrated that
lack of SST alters photoperiodic entrainment of locomotor rhythms (Chapter 3), which are
regulated by the SCN. However, my use of a knockout mouse model that lacks SST across
the entire brain means that it remains unknown if SST signaling regulates the function of
the SCN circuit itself.
Previous work in the rat indicates that SST signaling can modulate SCN daily
timekeeping and neuropeptide expression (Fukuhara, Inouye, et al., 1994; Fukuhara,
Nishiwaki, et al., 1994; Hamada et al., 1993). Application of SST directly to an SCN slice
acutely resets the network (Hamada et al., 1993). Further, the nature of these responses
mirror those elicited by VIP, GRP, GABA, and light itself (An et al., 2011; Gamble et al.,
2007; Liu & Reppert, 2000; McArthur et al., 2000; Piggins et al., 1995; Reed et al., 2002;
Rohr et al., 2019), suggesting that SST is involved in SCN photic processing. In addition,
depletion of SST can shift locomotor rhythms in vivo and SCN rhythms ex vivo (Fukuhara,
Inouye, et al., 1994). Thus, SST signaling can modulate both behavioral rhythms and the
SCN circuit. SST also influences SCN VIP expression (Fukuhara, Nishiwaki, et al., 1994),
which is a signal important for processing photic input (Jones et al., 2015; Kudo et al.,
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2013; Shen et al., 2000; Shinohara & Inouye, 1995; Vosko et al., 2015). Overall, evidence
suggests that SST signaling regulates SCN function, though the precise mechanisms and
how it may modulate photoperiodic encoding of behavioral rhythms is not known.
Here I examine how SST signaling regulates SCN organization and function. I
demonstrate that lack of SST alters SCN neurochemistry, increasing the numbers of VIPand GRP-expressing cells in the network. Further, I demonstrate that the SCN expresses
receptors for SST, and that activation of the SST receptor SSTR1 resets SCN molecular
rhythms. Specifically, SSTR1 agonists reset molecular rhythms in the middle SCN, where
the majority of VIP and GRP cells are found. Finally, I demonstrate that lack of SST does
not alter SCN properties under standard lighting conditions but potentiates SCN
photoperiodic encoding in a manner that depends on sex. Taken together, these data
indicate SST modulates SCN function and neurochemistry in ways that can enhance
photoperiodic encoding.
Materials and Methods
Mice and husbandry conditions
Mice were bred and raised under a 24-hour light-dark cycle with 12 hours of light
and 12 hours of darkness [L12; lights off at 1800 CST, defined as Zeitgeber Time 12 (ZT12)].
Throughout life, ambient temperature was maintained at 22°C ± 2°C, and mice had ad
libitum access to water and food (Teklad Rodent Diet 8604). Founder Sst-/- mice provided
generously by Dr. Malcolm Low (Low et al., 2001) were crossed to PER2::LUCIFERASE
mice (PER2::LUC; Yoo et al., 2004) on a C57BL/6J background. Wild-type Sst+/+ and
heterozygous Sst+/- mice homozygous for the PER2::LUC transgene were used as controls.
At weaning, mice were group housed in cages without running wheels. Both male and
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female mice were used in all experiments. All procedures were conducted according to the
NIH Guide for the Care and Use of Animals and were approved by the Institutional
Animal Care and Use Committees at Marquette University.
Experiment 1: To test that lack of SST alters SCN neurochemistry under standard
colony conditions, Sst+/+; Sst+/-; and Sst-/-;PER2::LUC+/+ mice (30 weeks of age, n = 918/sex) were maintained under L12. All mice received 1 μl colchicine injection into the
third ventricle (0.5 μl/min) to slow microtubule transport and allow measurement of
cumulative neuropeptide expression over the circadian cycle. Brains were collected 48 h
after colchicine injection and IHC was performed to quantify SCN VIP, GRP, and AVP
levels.
Experiment 2: To assess expression of SST receptor mRNA in the SCN, male and
female PER2::LUC mice (12-14 weeks of age) were maintained under L12. Brains were
collected at four timepoints spanning the LD cycle (ZT0, ZT6, ZT12, and ZT18; n = 4 - 6
mice/ZT). ZT18 tissue was lost and could not be analyzed. In situ hybridization was
performed to analyze expression of Sstr1, Sstr2, Sstr3, and Sstr4 transcripts. To test which
SCN neurons express SST receptors, male and female PER2::LUC+/+ mice (10-11 weeks of
age) were maintained under L12 in behavioral chambers for 3 weeks. Mice were sacrificed
at ZT00, ZT06, ZT12, or ZT18 (n = 5/timepoint) under bright light or dim red lighting
conditions dependent on ZT. RNAscope in situ hybridization was performed to analyze
colocalization of Sstr1, Vip, and Grp transcripts.
Experiment 3: To test whether SSTR1 signaling modulates SCN function, male and
female PER2::LUC mice were maintained on L12 (5-8 months old; n = 14/sex). Brains were
collected and coronal SCN slices were monitored via bioluminescence recording. At the
start of the recording, slices were treated with SSTR1 agonist (CH-275, 1 µM) or vehicle.
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Experiment 4: To test whether SST modulates SCN photoperiodic responses, wildtype Sst+/+;PER2::LUC and knockout Sst-/-;PER2::LUC mice were individually housed in
running wheel cages and entrained to L12 or L20 for 4 weeks (n = 33-41/sex, 1225/genotype/photoperiod). After entrainment, brains were collected and SCN PER2::LUC
rhythms were monitored with real-time bioluminescence imaging.
Wheel Running Data Collection
Mice were transferred to individual cages equipped with a running wheel, with
wheel-running data collected and analyzed using ClockLab software (Actimetrics,
Wilmette, IL). During experiments, mice remained relatively undisturbed except for
routine husbandry. Cages were changed once every 2-3 weeks starting 30-60 min before
ZT12 under entrained conditions.
Immunohistochemistry (IHC)
Mice were deeply anesthetized with isoflurane and sacrificed by cervical
dislocation. Brains were fixed in 4% paraformaldehyde overnight, cryoprotected in 20%
sucrose for 4 days, and then sectioned in the coronal plane (40 μm). For
immunohistochemistry, free-floating slices were washed 6 times in PBS, blocked for 1 h in
normal donkey serum, incubated for 48 h at 4°C with primary antibody (Table 4.1) washed
6 times in PBS, incubated for 2 h at room temperature with secondary antibody (Table
4.1), and then washed six times in PBS. After processing, slices were mounted onto
microscope slides in Prolong Anti-Fade mounting medium with DAPI (Thermo Fisher,
Cat# P36935) and coverslipped.
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Table 4.1 – Immunohistochemistry antibodies used
Antigen/
RRID
Species (nm)
Antibody
VIP (1º)
AB_518682
Rabbit

Dilution

Source

Catalog #

1:500

T-4246

AVP (1º)

AB_518680

Guinea pig

1:500

GRP (1º)

AB_519013

Rabbit

1:1k

Rabbit (2º)

AB_2313584

Donkey (488)

1:500

BMA/
Peninsula
BMA/
Peninsula
BMA/
Peninsula
Jackson

Guinea Pig (2º)

AB_2340476

Donkey (647)

1:500

Jackson

T-5048
T-4351
711-545152
706-605148

In situ hybridization
All brains used for in situ hybridization were rapidly removed, flash frozen in OCT
on dry ice and stored at -80℃. Brains were cryo-sectioned in the coronal plane (12 µm),
thaw-mounted onto electrostatically clean slides, and stored at -80℃ until processing. To
detect SCN Sstr presence using fluorescent in situ hybridization, slide-mounted slices
were prepared for hybridization by fixation in 4% paraformaldehyde followed by a rinse in
0.1 M PBS (pH 7.4), equilibration in 0.1 M triethanolamine (pH 8.0), and acetylation in
triethanolamine containing 0.25% acetic anhydride. Tissue sections were hybridized
overnight at 55°C with digoxigenin (DIG)-labeled riboprobes. After hybridization, tissue
slides were treated with RnaseA and stringently washed in either 0.1, 0.3, or 0.5× SSC at
65°C for 30 min to ensure specific binding of the riboprobe. Slides were then incubated
with an antibody against DIG conjugated to horseradish peroxidase (HRP; Roche)
overnight at 4°C. Riboprobe signal was further enhanced using the TSA-Plus fluorophore
system with fluorescein (PerkinElmer; Waltham, MA). Specificity of signal was
determined using a sense probe for each riboprobe of interest.
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RNAscope Hiplex was used to evaluate spatial and temporal patterns of Vip, Grp,
and Sstr1 colocalization. Before processing, tissue quality was confirmed via positive and
negative control probes provided by the company. To prepare slices for hybridization with
target probes, slide-mounted slices were fixed in 4% paraformaldehyde at room
temperature for 60 min, washed in PBS, dehydrated through a series of 5-minute ethanol
steps (50%, 70% and 100%), and dried at room temperature. Slides were processed using
RNA-Scope HiPlex12 according to manufacture instructions (Cat. No. 324140) in four
successive rounds of processing and imaging. Briefly, tissue was permeabilized to allow
probes to better access the target, and target probes were hybridized to the tissue via a 2 h
incubation in a humidified chamber. Hybridized probes contained a pre-amplification
adapter, to which three sequential amplifier probes were attached via incubation with the
tissue. After hybridization and amplification steps, fluorescent detection probes were
bound to the amplified probe-target complex to visualize mRNA via microscopy. After
image capture of the first set of 3 probes, the subsequent 3 sets of 3 probes were processed
each by gently removing coverslips, cleaving the previous fluorescent tags, and incubating
with the next set before imaging.
Microscopy image collection and analysis
Slices were embedded in Prolong Gold Antifade mounting media with DAPI
(Fisher Scientific #P36930) and coverslipped. All fluorescent images were collected on a
Nikon A1R+ confocal microscope (Nikon Instruments, Melville, NY, USA) or Nikon 80i
microscope fitted with a Retiga 2000R digital camera (QImaging, Surrey, BC, Canada).
Image sets for each RNAscope sample were aligned via the RNAscope Hiplex registration
software 300065-USM. All images were analyzed using the Analyze Particles function in
ImageJ software. DAPI images were used to draw a free-form SCN ROI from which cell
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bodies were localized via binarized thresholding. Since mRNA is punctate and does not
fully fill the cell body, a gaussian blur was applied before thresholding to better extract full
somas. Watershed segmentation was applied to all thresholded images to further separate
individual cell bodies. Values from non-thresholded images were used for all cellular
ROIs, and expression levels were normalized using background subtraction.
PER2::LUC Data Collection and Analyses
Mice were anesthetized with isoflurane and sacrificed using cervical dislocation 46 h before lights off to minimize dissection-induced resetting (Davidson et al., 2009). SCN
slices (150 μm) were collected in the coronal plane using a vibratome (Leica VT1200S) and
trimmed by hand under a dissecting microscope. SCN slices were cultured at 37˚C on a
membrane insert in a dish containing 1.2 mL of air-buffered Dulbecco’s modified explant
medium (DMEM, Sigma D2902) supplemented with 0.1 mM beetle luciferin, 0.02% B27
(Gibco 17504), 0.01% HEPES (Gibco 15630), 0.005% NaCHO3 (Gibco 25080), 0.004%
Dextrose (Sigma G7021), and 0.01% penicillin/streptomycin (Gibco 15140).
For luminometry, three SCN coronal slices were collected, and then the selective
SSTR1 agonist CH275 (1 μM, Tocris Cat#2454) or volume-matched vehicle (DMEM, 3 μl)
applied directly to each SCN slice at ZT12. PER2::LUC rhythms were monitored for at least
4 days with luminometry (Actimetrics, LumiCycle 32). Recording start time was normalized
for each sample to the ZT start of recording. The PER2::LUC time series was detrended
and analyzed with Lumicycle software by fitting a damped sine wave to the first 4 full
cycles in vitro (LM Fit – smoothing 6). Goodness of fit, period, and damping rate (i.e.,
number of days for rhythm amplitude to decrease about 37%) was recorded from the sine
fit. In addition, daily times and values of peak and trough PER2::LUC were recorded to
calculate cycle-to-cycle amplitude (peak – trough) and average period.
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To assess whether SST modulates SCN function, middle SCN slices were collected
as above, and bioluminescence rhythms were imaged using a Stanford Photonics XR Mega
10z CCD camera mounted onto a Zeiss Axio Observer Z1 microscope controlled with Piper
software (Stanford Photonics). Images (1.4k×1k 16-bit) were collected at 15 frames/sec,
filtered in real-time to eliminate single-image noise events (i.e., cosmic rays), and stored
as 2 min-summed images collected once every 15 min. A 2 h moving average was then
applied (Piper Software), images were converted to 8-bit, pixel dimensions were reduced
in half, and two consecutive images were summed to produce a series of 30 min images
(ImageJ Software). To analyze molecular clock SCN function at the network and cellular
level, Matlab-based computational analyses were used as described previously (Evans et
al., 2011, 2013). To test the influence of SST signaling on SCN intercellular communication
following exposure to L20, SCN slices were cultured with or without a broad spectrum
SSTR antagonist (cyclosomatostatin, 20 μm, Tocris Cat#3493) for the duration of the
experiment.
Statistical analyses
Data are represented in Figures as Mean ± SEM. Cosine curve-fitting was
performed to detect significant daily rhythms using Circwave software (Oster et al., 2006).
Other statistical analyses were performed with JMP software (SAS Institute, Cary, NC).
When models contained within-subject factors (Slice), a mixed ANOVA was used to parse
out random effects driven by individual differences among mice. When models only
contained between-subject factors, a full-factorial (FF) ANOVA was used to assess the
effects and interactions of one to three factors: 1) SST Genotype, 2) Photoperiod, and/or 3)
Sex. For each experimental dataset, the results were then analyzed separate for each sex.
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Post-hoc tests were performed with Tukey’s HSD or LSM contrast to control for familywise error. Statistical significance was set at p < 0.05.
Results
Lack of SST alters SCN neurochemistry
To assess the extent to which lack of SST influences SCN neurochemistry, levels of
AVP, VIP, and GRP were evaluated in knockout Sst-/-, wild-type Sst+/+, and heterozygous
Sst+/- mice entrained to L12. Relative to controls, the number of SCN VIP and GRP neurons
was increased in knockout Sst-/- mice by ~40% and ~25% respectively (Figure 4.1A-B; VIP F(2,48) = 8.8, p < 0.0001; GRP: F(2,48) = 4.3, p = 0.002). In contrast, number of SCN AVP
neurons did not differ by genotype (Figure 4.1C; F(2,48) = 0.6, p = 0.66). Notably, VIP and
AVP protein levels did not differ by genotype (Figure 4.1A, 4.1C; VIP- F(2,48) = 0.12, p =
0.88; AVP- F(2,48) = 2.3, p = 0.11), but GRP expression was influenced by an interaction of
genotype and sex (Figure 4.1B, Geno*Sex F(2,48) = 5.8, p = 0.005). This effect was driven
by differences in heterozygous Sst+/- mice (LSM Contrasts, Sst+/- Male vs Female: p =
0.002). Overall, increased number of SCN VIP and GRP neurons in knockout Sst-/- mice
suggests that SST may influence the size of the population of SCN neurons expressing
each of these specific peptides.
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Figure 4.1. Lack of SST increases the number of SCN VIP+ and GRP+ neurons. (A-C)
Representative, thresholded images illustrating peptide expression (left), average number of
cells/sample (middle), and average cellular peptide levels for VIP (A), GRP (B), and AVP (C). Scale
bars = 100 μm. * post hoc comparisons, p < 0.05.

To determine if lack of SST modulated the number of SCN neurons in specific regions of
the network, next I evaluated GRP and VIP cell numbers across the anteroposterior SCN.
Relative to controls, knockout Sst-/- mice displayed increased VIP- and GRP-expressing
cells in the anterior and middle SCN (Figure 4.2A-B; VIP: F(2,95) = 4.4, p < 0.02, LSM
Contrast: Anterior, p = 0.007, Middle: p = 0.003; GRP: F(2,24) = 8.1, p = 0.002, LSM
Contrast: Anterior, p = 0.0002, Middle: p = 0.004), but did not differ in the number of
VIP and GRP cells in the posterior SCN (VIP: F(2,95) = 4.4, p < 0.02, LSM Contrast, p =
0.5; GRP: F(2,24) = 8.1, p = 0.002, LSM Contrast, p = 0.2). Higher number of VIP and GRP
cells were seen in knockout Sst-/- mice of both sexes (Figure 4.2C-E; LSM Contrasts, all p <
0.03), and males had more VIP-expressing cells in the posterior SCN than females
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independent of genotype (Figure 4.2C,4.2E; VIP Sex*Slice: F(2,32) = 5.8, p = 0.007, LSM
Contrast, p = 0.03). Knockout Sst-/- males displayed larger increases in GRP+ cells in the
anterior and middle SCN relative to female counterparts (Figure 4.2D, 4.2F; LSM contrast:
Males- Anterior, p < 0.002, Middle, p = 0.006; Females - Anterior, p = 0.02, Middle, p =
0.06). Taken together, these results indicate that lack of SST increases the number of VIPand GRP-expressing cells in the anterior and middle SCN, with slight neurochemical
differences between males and females.
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Figure 4.2. Lack of SST affects VIP and GRP cell populations in specific SCN subregions.
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The SCN expresses SST receptors
To investigate SST signaling in the SCN, I performed in situ hybridization to
examine which SST receptors are expressed in the SCN. Out of the four SST receptors for
which probes could be developed (Sstr1-4), I found the best evidence for Sstr1 expression
above background levels (Figure 4.3B; t(77) = 4.4, p < 0.001). In addition, Sstr3 and Sstr4
were also expressed above background levels (Figure 4.3B; Sstr3: t(90) = 4.4, p < 0.001;
Sstr4: t(91) = 2.4, p < 0.02). Each SST receptor displayed modest day night differences,
with highest expression at dusk (Figure 4.3C; Sstr1: t(43) = 2.7, p < 0.009; Sstr3: t(45) =
5.6, p < 0.0001; Sstr4: t(42) = 3.3, p < 0.002). Only Sstr1 was above background at both
dusk and dawn (Figure 4.3C). Overall, these data demonstrate that the SCN expresses
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Figure 4.3. SST receptors are expressed in the SCN. A) Representative images of Sstr1-4
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128
SCN Vip- and Grp-expressing neurons display Sstr1 transcription
Next, I used RNAScope to test whether SCN Vip+ and Grp+ neurons express Sstr1.
As expected, Vip- and Grp-expressing SCN neurons are located within the middle SCN
(Slice2-4) in both sexes (Figure 4.4A-B; FF Mixed Model ANOVA: F(2,48) = 19.6, p <
0.0001). Importantly, the number of Vip- and Grp-expressing SCN neurons that could be
detected with this approach did not differ across the LD cycle (FF Mixed Model ANOVA,
Vip Female: F(2,61) = 0.4, p > 0.6, Vip Male: F(2,51) = 0.1, p > 0.9; Grp Female: F(2,61) = 0.1,
p > 0.8; Grp Male: F(2,51) = 0.2, p > 0.8). Levels of Vip and Grp transcripts were rhythmic
in manner that varied by sex (Figure 4.4C-D, Circwave, Vip Female: F(2,61) = 6.6, p <
0.005, Vip Male: F(2,51) = 4.96, p < 0.05, Grp Female: F(2,61) = 3.4, p < 0.05, Grp Male:
F(2,51) = 11.2, p < 0.0005). Specifically, peak time of expression for each transcript
occurred during early night for females, but Vip peaked during late night and Grp peaked
at dawn for males. When analyzed across the anteroposterior SCN, males were more
variable in Vip expression and differed from females in the phasing of Vip rhythms (Figure
4.4E-F).
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Figure 4.4. SCN expression of Vip and Grp differs by sex. (A) Representative images of Vip+ and
Grp+ cells and numbers of cells across the anteroposterior SCN and across time of day. (B) As
expected, most cells of each type were in Slice2-4 of each sex, which were used for analyses. (C-D)
Vip and Grp transcription was rhythmic in manner that varied by sex. Color-coded arrows indicate
approximate time of maximum expression in each sex. Lighting conditions are illustrated with
white:black bars and internal shading. (E-F) Times of peak Vip and Grp expression varied by sex
and SCN region. # Circwave test of rhythmicity, p < 0.05. * post hoc comparisons, p < 0.05.
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Despite differences in the timing of Vip and Grp, both cell types expressed Sstr1 in each
sex (Figure 4.5A). Overall, Sstr1 was expressed in larger percentage of Vip neurons
compared to Grp neurons (Figure 4.5B, t(231) = 2.3, p < 0.0001), which was consistently
observed across SCN slice positions (Slice2: t(77) = 2.1, p = 0.03; Slice 3: t(78) 3.4, p <
0.0001; Slice 4: t(72) = 2.1, p = 0.03). Relative to females, males displayed a higher
percentage of SCN Vip cells that expressed Sstr1 (Figure 4.5C; t(114) = 2.6, p = 0.01), but
Sstr1 expression in Grp neurons did not differ by sex (t(114) = 1.0, p = 0.3). Further, Sstr1
expression was rhythmic in SCN Vip and Grp neurons in a manner that differed by sex
(Figure 4.5D-E, Circwave, Vip Female: F(2,61) = 3.4, p < 0.05, Vip Male: F(2,51) = 4.6, p <
0.05; Grp Female: F(2,61) = 1.6, p = 0.2, Grp Male: F(2,51) = 12.4, p < 0.005). Interestingly,
the phasing of maximum Sstr1 resembled that for Vip and Grp transcript expression in
each sex (Figure 4.4C-D, Figure 4.5D-E). Overall, these results indicate that Sstr1 is
expressed in both types of SCN core neurons, which may modulate peptide expression in
these cell types and their response to photic inputs.
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Figure 4.5. Vip+ and Grp+ cells express Sstr1. A) Representative image of SCN transcription of
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SSTR1 signaling can reset the SCN molecular clock
Next I tested if SSTR1 signaling influences the function of the SCN molecular clock.
Administration of the SSTR1 agonist delayed the peak time of PER2::LUC rhythms on the
subsequent cycle in middle SCN slices of both sexes (Figure 4.6A-B; FF Mixed Model
ANOVA, Group*Slice#: F(2,31) = 4.20, p = 0.02). SSTR1 agonist treatment also increased
the amplitude of PER2 rhythms expressed by the posterior SCN within 6 h of
administration (Figure 4.6C; FF Mixed Model ANOVA, pSCN: F(1,14) = 6.7, p = 0.02,
aSCN: F(1,15) = 0.23, p = 0.6, mSCN: F(1,16) = 0.16, p = 0.7. In contrast, SSTR1 agonism did
not modulate SCN period (FF Mixed Model ANOVA, Sex: F(1,15.2) = 1.13, p = 0.3, Group:
F(1,15.2) = 0.79, p = 0.3, Sex*Group: F(2,31) = 0.2, p = 0.8). Taken together, these data
indicate that SSTR1 signaling is able to shift the SCN molecular clock when applied to
slices that contain VIP/GRP cells and potentiates the amplitude of PER2 rhythms in the
posterior SCN shell without altering period. Thus, this pattern indicates that SSTR1
signaling is able to influence SCN molecular rhythms in a manner that differs by region,
suggesting that different classes of SCN neurons respond differently to this signal.
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Figure 4.6. SSTR1 agonist resets the SCN molecular clock. (A) Representative time-series
illustrating PER2::LUC rhythms after application of CH-275 (1 µM) or vehicle at the start of the
recording at ZT12. (B) SSTR1 agonism delayed the peak of PER2::LUC rhythms of the middle SCN
on Cycle1 in vitro. (C) SSTR1 agonist increased PER2::LUC amplitude in the posterior SCN within 6
h of application but did not alter period in any SCN region. * post hoc comparisons, p < 0.05.

Lack of SST modulates SCN photoperiodic encoding
Last, I performed real-time PER2::LUC imaging in slices collected from mice
entrained to L12 or L20. Under L12, locomotor rhythms and SCN PER2::LUC rhythms
were not affected by the lack of SST (Figure 4.7A-C; FF Two-way ANOVA, Phase: (F(2,45)
= 0.17, p = 0.83; Period: F(2,44) = 0.28, p = 0.75). In contrast, lack of SST modulated both
behavior and SCN function in mice entrained to L20. The duration of locomotor activity
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was shorter in L20 Sst-/- mice (Figure 4.4B; F(1,46) = 10.59, p = 0.002), which was driven
by males (LSM Contrast, Males: p = 0.0002; Females: p = 0.5). SCN rhythms were also
affected by lack of SST after exposure to L20 in a manner influenced by sex (Figure
4.8A,C; FF Mixed Model ANOVA, Sex*Genotype: F(2,78) = 5.2, p < 0.008). Specifically,
male L20 Sst-/- mice displayed a larger phase difference between the SCN core and shell
relative to male L20 Sst+/+ control mice (LSM contrasts, p = 0.0002), but female mice did
not differ by genotype (LSM contrasts, p = 0.87). Overall, female L20 wild-type Sst+/+ mice
displayed a larger core-shell phase difference than male counterparts (LSM Contrast, p =
0.01), but there was no sex difference in L20 Sst-/- mice (LSM contrasts, p = 0.5). Last, lack
of SST did not modulate SCN period in L20 mice (Figure 4.8D; FF Two-way ANOVA,
Genotype: F(1,44) = 0.89, p = 0.3, Sex: F(1,44) = 1.3, p = 0.2, Genotype*Sex: F(1,44) = 0.02,
p = 0.9). Taken together, these results suggest lack of SST enhances SCN responses to long
photoperiods in males, suggesting that SST signaling increases circadian robustness by
acting on the SCN in a sexually dimorphic way.

Figure 4.7. Responses to SST signaling under L12. (A) Representative PER2::LUC phase maps
illustrating that L12 SCN did not differ by genotype. (B) SCN spatiotemporal organization did not
differ by genotype, consistent with similar behavioral alpha. (C) Under L12, genotype did not affect
SCN phase relationships.
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Figure 4.8. Lack of SST enhances SCN encoding of long day photoperiods. (A) Representative
double-plotted wheel-running actograms and individual SCN phase maps of mice entrained to L20
for 4 weeks. (B) Lack of SST increased alpha compression in L20 males. (C) Lack of SST increased
reorganization of SCN network in L20 males. (D) Lack of SST did not affect SCN period. * post hoc
comparisons, p < 0.05.

SST signaling modulates SCN recovery following long photoperiod exposure
Genotype differences in photoperiodic entrainment may reflect differences in
photic processing and/or SCN coupling mechanisms. To evaluate this issue, mice were
exposed to L20 for at least 12 weeks to produce maximal SCN reorganization prior to
PER2::LUC imaging of network recovery ex vivo (Evans et al., 2013). In all groups, the SCN
shell and core displayed a large phase difference on the first cycle in vitro (Figure 4.9A). In
wild-type SCN, females exhibited a larger phase difference on Cycle 1, but resolution of
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this phase difference over time in culture was evident in both sexes (Figure 4.9A).
Consistent with previous work (Evans et al., 2013), the response curve describing cellular
coupling patterns was biphasic in both sexes, with a both negative zone (where SCN core
neurons delayed to re-synchronize with SCN shell neurons) and a positive zone (where
SCN core neurons advanced to re-synchronize with SCN shell neurons). In the coupling
response curve for female Sst+/+ SCN, the positive zone displayed a smaller Area under the
Curve (AUC) and the negative zone differed from that for the male SCN (Figure 4.9B-C;
+AUC: t(12) = -6.1, p < 0.001; -AUC: t(12) = 2.7, p < 0.05). When collapsed by sex,
resynchronization appeared to differ in Sst-/- SCN due to changes in the negative zone of
the coupling response curve, with a greater tendency of Sst-/- SCN core neurons to delay
when re-synchronizing with their dorsal counterparts (Figure 4.9D,E; +AUC: t(12) = 0.7, p
> 0.1; -AUC: t(12) = 10.6, p < 0.001). These data suggest that SST signaling influences SCN
recovery following release from long days, although this may be influenced by initial
genotype differences in photoperiodic entrainment.
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Figure 4.9. Lack of SST modulates SCN network responses following exposure to long days.
(A) Composite phase maps for L20 SCN over time in culture. (B-C) Coupling response curves
illustrating cellular resynchronization in each sex. Polar plots along Y-axis illustrate cellular
dynamics (blue: SCN core neurons, yellow: SCN shell neurons, Ψ: phase difference angle). (C) Area
under the curve for positive and negative regions of the coupling response curve in each sex. (D-E)
Coupling response curves and area under the curve for Sst+/+ and Sst-/- mice. * post hoc
comparisons, p < 0.05.

To test the influence of SST signaling on SCN coupling while controlling for prior
photoperiodic entrainment, male PER2::LUC mice were exposed to L20 for at least 12
weeks. SCN slices were collected for PER2::LUC imaging and cultured with or without a
broad spectrum SSTR antagonist (cyclosomatostatin, CSST, 20 μM). On the first cycle in
vitro, CSST appeared to enhance the SCN shell-core phase difference (Figure 4.10A). On
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Here I demonstrate that lack of SST
alters SCN function by modulating the size of
neuronal populations in the SCN core, resetting
the SCN molecular clock, and influencing SCN
photoperiodic responses. First, lack of SST
modulated SCN neurochemistry by increasing
the number of cells expressing VIP and GRP,
but not AVP. Second, I show that the SCN
expresses SST receptors, with relatively high
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expression in Vip- and Grp-expressing SCN neurons. Third, I find that SSTR1 agonist
administration can phase delay the SCN molecular clock, but that lack of SST does not
alter intrinsic SCN rhythms after exposure to a standard lighting condition. Finally, I
reveal that lack of SST alters long day encoding by the SCN network, with larger
reorganization of SCN shell and core compartments specifically in male Sst-/- mice in
which photoperiodic behavior was altered. I also uncover a sex difference in SCN
photoperiodic response in wild-type mice and provide evidence that SCN coupling is
affected by both biological sex and SST signaling. Taken together, these findings suggest
that SST signaling contributes to photoperiodic encoding by interacting with SCN circuits
that are sexually dimorphic.
Lack of SST increases the number of VIP+ and GRP+ cells in the SCN
SCN neuropeptides play an important role in circadian timekeeping, and here I
show that SST signaling modulates specific neuropeptide populations in the central clock.
Lack of SST increases the number of SCN VIP+ and GRP+ cells in the SCN core, suggesting
that SST may regulate neuropeptide expression and photic processing. In contrast, lack of
SST did not alter the number of AVP-expressing cells in the SCN shell. Interestingly,
overall peptide expression was not altered by lack of SST, despite the increased number of
SCN VIP/GRP neurons. This suggests that SST signaling regulates the size of these specific
cellular subclusters, which may occur during adulthood or development. These data
indicate that germline lack of SST modulates VIP and GRP cell numbers in the SCN, but
it’s not clear if adult-specific deficiency in SST would similarly alter SCN neurochemistry.
Previous work in the rat indicates that SST depletion during adulthood can unmask a
circadian rhythm in SCN VIP expression (Fukuhara, Nishiwaki, et al., 1994), indicating
that SST signaling can act in adulthood to modulate the VIP population. Further, SST
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application resets the SCN in a manner that mirrors responses induced by light, VIP, and
GRP (An et al., 2011; Gamble et al., 2007; Hamada et al., 1993), suggesting that SST
signaling may interact with cells in the SCN core to regulate photic processing or
transmission of signals across the SCN network. Developmental effects of SST could be
tested using a transgenic Cre recombinase model where a particular cell type is genetically
altered to make the DNA-editing enzyme Cre recombinase. Both Vip-Cre and Sst-Cre
mouse models exhibit progressive loss of native peptide expression over the first few
weeks of birth (Joye et al., 2020; Viollet et al., 2017), which allows assessment of peptide
loss effects but avoids the more disruptive effects of germline deletion. Thus, future work
could use this model to test the effects of SST signaling in both VIP- and SST-deficient
models when expression is retained during pre-natal development. Taken together, my
findings indicate that the presence of SST modulates the number of VIP+ and GRP+ cells
in the SCN network, which may serve to enhance photic processing and photoperiodic
encoding.
SST receptors are expressed in SCN and in Vip+ and Grp+ neurons in the SCN core
There are 5 types of SSTR, and here I provide evidence that at least 4 are expressed
in the SCN to varying degrees. Levels of Sstr1 and Sstr3 were the highest that I was able to
detect with FISH, but Sstr4 and Sstr2 may also be present to a smaller extent. These
results are generally in line with visual assessments of Sstr1, Sstr2, Sstr3, and Sstr4
expression in the mouse Allen Brain Atlas, though it is unclear at what time of day
samples in this database were collected. It is possible that I did not observe peak
expression levels with FISH given the relatively low sampling rate used in this time course
and that it was not possible to analyze expression at ZT18. Previous work has identified
expression of Sstr1 in the mouse and rat SCN (Beaudet et al., 1995; Breder et al., 1992), but
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expression of any Sstr was limited in a recent study using single cell sequencing (Wen et
al., 2020). Using RNAScope, I confirm that Sstr1 is expressed in the SCN and localize it to
specific SCN neuronal subpopulations. Interestingly, Sstr1 was colocalized in both Vip+
and Grp+ cells of the SCN core, and the relative percentage in each cell type paralleled the
effect size of SST knockout on peptide population (i.e., larger increase in VIP Sst-/neurons, and higher percentage of Sstr1 expression in Vip neurons). Taken together, the
present work demonstrates that the mouse SCN expresses SST receptors, providing a
receptor platform upon which SST signaling may influence circadian timekeeping and
photic processing.
SST signaling modulates SCN function
In addition to demonstrating expression of Sstr1 in the SCN, I also show that SSTR1
signaling influences the SCN molecular clock. Administration of a SSTR1-sepcifc agonist
phase delayed SCN PER2::LUC rhythms, with specific effects in the middle SCN where VIP
and GRP cells are located. This agrees with previous work demonstrating that
manipulations of SST can delay SCN rhythms when applied early in subjective night
(Hamada et al., 1993). Because these responses resemble those to light, NMDA, VIP, and
GRP administration (An et al., 2011; Daan & Pittendrigh, 1976; Gamble et al., 2007; Mintz
et al., 1999), this suggests SST is sufficient to induce photic-like SCN resetting. In addition,
to resetting effects, I find that SSTR1 agonist can increase PER2::LUC expression, both at
the time of administration and on subsequent cycles, but that this effect was specific to
the posterior SCN. These results suggest that SSTR1 signaling can influence the molecular
clock in two different ways and suggest that phase versus amplitude modulation is region
or cell-type specific. This is particularly interesting because SSTR1 signaling inhibits cAMP
but can also activate MAPK signaling (Florio et al., 1999), suggesting that SSTR1 signaling
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may differentially regulate SCN subgroups. Further, it suggests that SCN shell neurons in
the posterior SCN also express Sstr1, and expression of Sstr1 should be investigated in
other SCN cell types. Unfortunately, the RNAScope probe used here for Avp did not
produce consistent labeling and Avp expression was more variable across ZT. This
prevented rigorous analysis of whether Sstr1 colocalized with Avp in this study. How SST
signaling interacts with the SCN molecular clock and photic processing should be
explored further. Future studies can test this by investigating how SST modulates cellular
function and photic processing in SCN VIP/GRP cells using electrophysiology, calcium
imaging, and/or gene expression assays paired with pharmacological or genetic
manipulation of SST receptor signaling.
I also show that SST signaling modulates SCN photoperiodic responses, thus
complementing work done at the behavioral level (Chapter 3). Under control L12
conditions, lack of SST did not alter SCN function, suggesting that the molecular clock is
intact in these mice. This is consistent with my finding that behavior did not differ by
genotype under L12, and that basic properties of circadian timekeeping were intact in Sst-/mice (Chapter 3). Thus, SST is not necessary for maintenance of SCN timekeeping.
Further, lack of SST did not disrupt photoperiodic after-effects in period and did not alter
SCN period after exposure to long day lengths. However, I found that Sst-/- mice displayed
differences in photoperiodic entrainment of circadian waveform. Given that circadian
waveform is most associated with changes in SCN spatiotemporal organization (Ciarleglio
et al., 2009; Evans et al., 2013; Kim & McMahon, 2021; Schaap et al., 2003), it is
compelling that male Sst-/- mice displayed a larger reorganization of the SCN shell and
core after exposure to L20. Thus, SST signaling appears to inhibit SCN photoperiodic
encoding, at least in male mice. Further, I find evidence that SST signaling modulates the
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recovery of the SCN network after release from long-day photoperiods. These effects
indicate that SST signaling influences intercellular communication in the SCN network,
which may not require additional changes in photic processing. This complements my
work at the behavioral level demonstrating that the photic PRC is not affected by lack of
SST. Future work should evaluate how SST influences intercellular communication by
assessing which SCN cell types are responsive to SST stimulation and how they respond.
For example, paired use of cell-type specific optogenetic stimulation with high resolution
in situ hybridization could be used to assess which specific cell types respond to SST
signaling. Further, how signaling partners respond to SST could be assessed by pairing
virus-mediated optogenetic activation of SST cells with simultaneous recording of
electrophysiological responses in other SCN peptide groups like GRP, VIP, or AVP cells
(labelled with a cell-type specific fluorescent label to locate them). Finally, the connection
between SST signaling and overt behavior could be tested by pairing in vivo cell-type
specific calcium imaging with behavioral recording in freely moving animals (Mei et al.,
2018). Real-time monitoring of calcium activation in SST and/or VIP cells during acute
light pulses and photoperiodic conditions will inform how SST and VIP cellular dynamics
correspond to overt circadian responses, thus deepening insight into SCN network
communications. Given the sex-specific effects of SST loss observed in the present studies,
future work investigating SCN dynamics should use both sexes to better understand the
sexual convergence and divergence inherent to the SCN circuit.
Sex differences in SCN function and the role of SST signaling
Responses to SST differed by sex in specific assays. I found that lack of SST
increased SCN VIP/GRP cells in both sexes, and SSTR1 agonists reset the SCN in both
sexes. However, this work also reveals some sex differences in SCN neuropeptide
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expression and the role of SST signaling. First, males had more VIP-expressing cells than
females in the caudal SCN regardless of SST genotype, which may influence network
function. Second, males and females displayed differences in the phasing of Vip, Grp, and
Sstr1 rhythms. Previous work indicates that Vip rhythms differ by sex in both nocturnal
and diurnal rats, with an 8-9 h sex difference in peak Vip expression (Krajnak et al., 1998;
Mahoney et al., 2009). Interestingly, the phasing of maximum Sstr1 resembled that for Vip
and Grp transcript expression in each sex, suggesting that Sstr1 may modulate
neuropeptide expression of these cell types in both sexes. Relative to the female SCN, the
male SCN also displayed a higher percentage of Vip+ cells that express Sstr1. Thus, there
are sex differences in both Sstr1 expression and SST/Sst expression (Chapter 2). It remains
to be determined whether sex differences in the phenotype of Sst-/- mice reflect differences
in the daily rhythms of Sst and/or Sstr1 signaling. Importantly, I find that there is a
marked sex difference in SCN photoperiodic encoding under long days, adding to the list
of photic responses that are larger in females (Joye & Evans, 2021). Interestingly, I found
that behavioral and SCN responses to L20 were specifically enhanced in Sst-/- males,
which effectively eliminated the sex difference in SCN encoding seen in wild-type animals.
These sex differences and sex-specific responses to SST loss mirror results observed in
some behavioral assays in Chapter 3. Relative to wild-type males, Sst-/- males displayed
accelerated jetlag recovery and higher rates of arrhythmicity in constant light, suggesting
that lack of SST decreased circadian robustness. In contrast, wild-type females recovered
faster from jetlag and displayed higher rates of arrythmia relative to male counterparts,
and this was not further augmented by lack of SST. Notably, lack of SST appears to
decrease circadian robustness in males at both the behavioral and SCN levels, which
increases circadian plasticity to levels comparable to that displayed by wild-type females.

145
Overall, my findings demonstrate important sex differences in SCN neurochemistry that
may contribute to sex differences in photic processing and the role of SST signaling in
circadian responses to light.
Summary
Overall, the present findings demonstrate that SST signaling can alter SCN
function in ways that align with my previous finding that lack of SST enhances
photoperiodic encoding and parametric responses to light. Notably, lack of SST
specifically altered photoperiodic encoding in the male SCN. Further, my work here
reveals a large sex difference in SCN photoperiodic encoding, with wild-type females
displaying larger SCN reorganization than their male counterparts. Very few studies have
examined SCN clock function in both sexes (Joye & Evans, 2021), and the present work
provides compelling evidence that central clock circuits are wired differently even though
they function similarly under standard laboratory conditions (i.e., sexual convergence).
When environmental lighting conditions are altered, marked sex differences emerge in
the magnitude and/or type of circadian response to light (i.e., sexual divergence). It is
under these conditions that the role of SST signaling in clock function is revealed to be
different in males and females. My work suggests that SST signaling may increase
robustness of the male SCN by enhancing its resilience to perturbation, which can be
tested directly in future work. Consistent use of both males and females in future studies
will provide crucial insight into the how SST signaling acts in the male and female central
clock to regulate circadian responses to light.
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CHAPTER V
DISCUSSION
The central goal of this dissertation is to evaluate SST signaling in circadian
timekeeping and SCN function and discern its contribution to photoperiodic encoding.
Here I reveal that SST signaling regulates SCN function and is involved in photoperiodic
encoding at the behavioral and SCN levels. Prior work has shown that SST is modulated by
photoperiod in hypothalamic regions regulated by the SCN (Dulcis et al., 2013), is
expressed in the central clock, and can regulate circadian rhythms (Fukuhara, Inouye, et
al., 1994; Hamada et al., 1993). Yet, few if studies had examined how SST influences SCN
function or and none had examined its contribution to photoperiodic encoding. My work
addresses this gap, revealing that SCN SST is regulated by photoperiod in a manner
suggesting de novo activation of Sst transcription. My findings suggest that SST increases
circadian robustness at the behavioral and cellular levels, especially in males, without
altering basic circadian timekeeping properties. SST signaling appears to specifically
modulate both behavioral and SCN waveform under long light conditions. Notably, the
SCN is thought to encode photoperiod in the waveform of its cellular rhythms, which is
paralleled by similar changes at the behavioral level (Ciarleglio et al., 2009; Houben et al.,
2009; Inagaki et al., 2007; Tackenberg et al., 2021; VanderLeest et al., 2007). Thus, my
work suggests that SST signaling contributes to reorganization of SCN phase relationships
under changing environmental lighting conditions. My work provides evidence for a novel
circuit motif whereby SST regulates VIP signaling via at least one receptor that can alter
molecular clock function. Though this potential mechanism is present in both sexes, my
work provides strong evidence that regulation of SCN SST itself is sexually dimorphic.
Further, my work suggests the presence of fundamental differences in the SCN circuits of
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males and females that should be further studied. Overall, my results indicate that SST is
upregulated by light, buffers the SCN network from changes in the photic environment,
and modulates clock cell interactions in a manner influenced by sex. The discovery of this
sexually divergent clock circuit provides new insights likely relevant for understanding
gender disparities in light-driven disease.
I. Evidence for the role of SST in the central clock
My work indicates that SST expression in the SCN is rhythmic and regulated by
photoperiod. Daily rhythms of SST and Sst observed here are similar to those previously
described in rats and mice (Fukuhara et al., 1993; Fukuhara, Nishiwaki, et al., 1994;
Nishiwaki et al., 1995; Panda et al., 2002; Shinohara et al., 1991; Takeuchi et al., 1992; Yang
et al., 1994), with Sst transcription peaking during the late night and SST protein peaking
during the midday. However, my work reveals that SST and Sst are only rhythmic in the
male SCN, not the female SCN, which may contribute to the sex differences observed in
behavioral assays. Still, both sexes displayed photoperiod-dependent modulation of SST
expression, with lowest levels during a short “winter” photoperiod and elevated levels
under a long “summer” photoperiod. Both sexes also displayed increased SST cell number
under long photoperiod, with increases reflecting de novo activation of Sst transcription.
This finding agrees with previous work demonstrating similar photoperiod-dependent
changes in other hypothalamic nuclei (Deats et al., 2015; Dulcis et al., 2013) and
strengthens evidence that neurochemical properties of neurons are not static. Long
photoperiod increased SST expression in males specifically at times that correspond to
dawn and dusk under control conditions. Since SCN activation by light at dawn and/or
dusk is especially critical for stable entrainment (Daan, 2000) increases in SST at these
times also suggest that SCN SST signaling contributes to photoperiodic encoding.
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Behaviorally, SST signaling appears to regulate circadian robustness and plasticity.
Under standard lighting conditions, mice lacking SST were not different from wild-type
counterparts, displaying similar activity patterns and entrainment. This suggests that basic
circadian timekeeping is intact in Sst-/- mice. Further, lack of SST did not alter photic
resetting responses, suggesting that retinal circuits and the molecular clock are intact in
the absence of SST. Yet, SST knockout altered circadian waveform under three distinct
behavioral assays. Relative to wild-type mice, mice lacking SST displayed waveform
changes under both long and short photoperiods and after release into constant
conditions. Notably, lack of SST did not alter circadian period after-effects in constant
conditions. In the SCN, photoperiodic after-effects on circadian period involve regional
modulation of period, cellular-level epigenetic changes, and GABA signaling (Azzi et al.,
2017; Myung et al., 2015). Like waveform, these are fundamental changes to the state of
the SCN network that create observable after-effects in behavior. Since period and
waveform after-effects are thought to be mediated by distinct SCN mechanisms (Evans et
al., 2013; Myung et al., 2015; Tackenberg et al., 2020), and I observed waveform-specific
effects that did not alter period, my results indicate that SST signaling specifically
contributes to circadian waveform, possibly via re-programming of the SCN network
(Evans et al., 2012; Inagaki et al., 2007; Ohta et al., 2005; Sellix et al., 2012).
In line with my behavioral findings, I also demonstrate that SST signaling
modulates SCN photoperiodic responses. Under control L12 conditions, lack of SST did
not alter SCN function, reinforcing that the molecular clock is indeed intact in Sst-/- mice.
Paired with the lack of behavioral phenotype under L12 conditions and in photic resetting,
this demonstrates that SST is not necessary for maintenance of SCN timekeeping. Further,
lack of SST did not disrupt photoperiodic after-effects in period and did not alter SCN
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period after exposure to long day lengths. However, I did find that Sst-/- mice displayed
differences in photoperiodic entrainment of SCN waveform. Specifically, male Sst-/- mice
displayed a larger reorganization of the SCN shell and core after exposure to L20. Given
that circadian waveform is most associated with changes in SCN spatiotemporal
organization (Ciarleglio et al., 2009; Evans et al., 2013; Kim & McMahon, 2021; Schaap et
al., 2003), this larger reorganization in male Sst-/- mice is compelling. Thus, SST signaling
appears to inhibit SCN photoperiodic encoding, at least in male mice. Further, I find
evidence that SST signaling modulates the recovery of the SCN network after release from
long-day photoperiods. These effects indicate that SST signaling influences intercellular
communication in the SCN network and likely contribute to photoperiodic encoding. The
discovery that both VIP and GRP cells express SSTR1 provides insight into a potential
mechanism of SCN SST signaling. That SSTR1 activation phase delayed the middle SCN
and increased Per2 expression specifically in the caudal SCN suggests that SSTR1 signaling
may regulate the SCN through more than one mechanism. Interestingly, SSTR1 activation
signaling through G-alpha-i inhibits intracellular cAMP, but signaling through its betagamma subunits can activate MAPK signaling (Florio et al., 1999), which may underlie
enhanced activation of Per2 transcription. Since most SSTR signaling activates multiple
intracellular pathways (Theodoropoulou & Stalla, 2013), future work should investigate
precisely how SSTR1 activation, and that of other SSTRs, modulates SCN cell types.
Further, my work demonstrates that multiple SST receptors are likely expressed in the
SCN, prompting the question: which other SCN cell types express SST receptors? How SST
signaling interacts with the SCN molecular clock and photic processing should be
explored further. Perhaps other SST receptors are expressed in a different temporal
profile, regulate other SCN subgroups, or regulate similar cell groups in a different manner
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than SSTR1. SST receptors are also known to heterodimerize with one another (Patel,
1999; Rocheville et al., 2000), which can change their signaling characteristics. Thus,
further evaluation of how SST signaling alters the electrophysiology, afferent signals, and
molecular clock of other SCN cells is warranted.
II. SST may interact with VIP signaling to regulate photoperiodic encoding
One possible mechanism underlying SST signaling in the SCN is regulation of VIP
cells. Light increases both SST and VIP (present work, Duncan et al., 1995; Porcu et al.,
2022) suggesting that they may be functionally related. Further, SST neurons are known
to synapse onto both GRP and VIP cell bodies and VIP dendrites (Maegawa et al., 1987;
Romijn et al., 1997). My work reveals that under control conditions, lack of SST increases
the number of SCN VIP+ and GRP+ cells in the SCN core, but not AVP+ cells in the SCN
shell. This increase in cells responsible for processing photic input provides a potential
mechanism for enhanced circadian plasticity when environmental conditions are altered
(i.e., Sst-/- phenotype under long and short photoperiods, constant light, and jetlag).
Notably, manipulation of VIP signaling influences circadian responses to photoperiod
(Lucassen et al., 2012), simulated jetlag (An et al., 2013; Harmar et al., 2002; Joye et al.,
2020), constant light (Hughes et al., 2015), and siesta duration (Collins et al., 2020). Thus,
SST and VIP are both increased by light, influence the same suite of behaviors, and may
regulate one another.
Based on accumulated evidence and the present work, I propose a model whereby
light induces VIP and SST to regulate photic responses in a contrasting manner (Figure
5.1). Notably, I show that VIP cells express at least one of the five SST receptors whose
activation can reset the molecular clock. Since most other peptide signals in the SCN
activate stimulatory Gq- or Gs-coupled intracellular cascades, SST signaling would be one
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of the few identified signaling factors that can negatively regulate VIP cells. Importantly,
mistimed VIP release can desynchronize the SCN network (Ananthasubramaniam et al.,
2014), indicating that this peptide must be tightly regulated for proper SCN function.
Additionally, depletion of SST with cysteamine alters VIP expression (Fukuhara,
Nishiwaki, et al., 1994) and increases VIP during subjective day, indicating that SST
inhibits VIP expression under physiological conditions. This is in line with the observed
increase in VIP+ cells without SST. Finally, recent work demonstrates that VIP cells
increase under long photoperiod after only 2 weeks of exposure, which is before photic
modulation of SST occurs (Porcu et al., 2022). Thus, it’s possible that long days activate
both VIP and SST in the SCN via parallel or multi-synaptic pathways. Additionally, SST
signaling may modulate SCN photic processing by filtering or gating retinal and other
SCN cell inputs. Whether VIP regulates SST signaling within the SCN remains unknown,
but a first step would be to assess SCN SST expression in VIP -deficient mouse models like
the Vip-Cre mouse. This model exhibits progressive loss of native peptide expression over
the first few weeks of birth (Joye et al., 2020), avoiding the more disruptive effects of
germline deletion. Future work could evaluate how SST signaling interacts with VIP (and
other SCN peptides) by assessing the response to SST stimulation. One way this could be
assessed is with optogenetic activation of SST cells and simultaneous recording of
electrophysiological responses in VIP cells. Further, paired use of cell-type specific
optogenetic stimulation with high resolution in situ hybridization could be used to assess
which other specific cell types respond to SST signaling.
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Figure 5.1. Putative circuitry mechanisms underlying L12 and L20 differences in in Sst+/+
and Sst-/- mice. Cells in the SCN core (VIP and GRP) receive light input and communicate it to
AVP cells in the SCN shell. Under long photoperiod, expression of all indicated SCN peptides
increases and SST+ and VIP+ cell numbers increase. Sst-/- mice display increased VIP+ and GRP+
cell numbers but no overall differences in behavior or SCN function. Under long days, Sst-/- mice
display differences in line with increased VIP and GRP signaling in the absence of SST. Symbol
legends: Larger circles indicate increased peptide expression. More circles indicate increased cell
numbers in that condition. Differently sized tildes (~) represent strength of molecular clock, which
is stronger in cells of the SCN shell, with cells in the core more strongly modulated by light. Size of
connecting lines indicate strength of influence and color indicates excitatory (green), inhibitory
(red), or unknown (black). Red question marks indicate open questions, including: how do AVP
and SST cells influence one another? Does VIP also regulate SST? Do SST receptors increase
expression under L20 as observed for SST? Which other SST receptors are expressed by VIP and
GRP cells?
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III. Sex similarities and differences in SCN SST signaling and photoperiodic encoding
My work reveals interesting sex similarities and differences in the role of SST in
the SCN and suggests fundamental sex differences in the SCN circuit itself. Overall, males
and females are very similar in basic timekeeping and SCN circuit function. Most studies
using mice have found that circadian period is similar in females and males (Blattner &
Mahoney, 2012; Brockman et al., 2011; Iwahana et al., 2008; Kuljis et al., 2013), although
females can have a slightly shorter period (~30 min; Feillet et al., 2016). SCN volume and
cell number does not differ by sex in humans (Hofman et al., 1988; Hofman & Swaab,
1989; Swaab et al., 1985) or in rodents (Cambras et al., 2005; Hofman & Swaab, 1989;
Madeira et al., 1995; Tsukahara et al., 2005). Both male and female mice entrain to varying
photoperiods (present work) and do not differ in electrical response to NMDA (Kuljis et
al., 2013), phase angle of entrainment (Blattner & Mahoney, 2013; Brockman et al., 2011;
Kuljis et al., 2013), or PER2::LUC rhythms under standard conditions (present work;
(Kuljis et al., 2013). Thus, the male and female central clock functions similarly in many
contexts.
The largest and most consistent sex differences in circadian function involve
photic processing and responses to light (Joye & Evans, 2021), but causal mechanisms
remain unknown due to the lack of female inclusion in circadian studies (Joye & Evans,
2021; Lee et al., 2021; Spitschan et al., 2022). My work demonstrates that wild-type
females recover from jetlag faster, are more likely to display arrhythmic locomotor activity
under constant light and display larger phase delays after light pulses in early night
(Chapter 3). Further, females display stronger long-day-induced reorganization of the SCN
circuit than their male counterparts (Chapter 4). These findings agree with and expand
previous work demonstrating that females are more sensitive in their responses to jetlag
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(Feillet et al., 2016; Pilorz et al., 2020; Rohr et al., 2021), constant light (Blattner &
Mahoney, 2012; Cambras et al., 1998; Thomas & Armstrong, 1989), exotic lighting
conditions (Walbeek et al., 2019; Walbeek & Gorman, 2017), and light pulses in the early
subjective night (Blattner & Mahoney, 2012, 2013). Thus, accumulated evidence paired
with the work in this dissertation suggests that the male SCN is more resilient to
perturbation, whereas the female SCN appears less robust, but displays increased
plasticity. Importantly, the work described here is the first to characterize the female SCN
circuit under photoperiodic conditions. Further, my work adds insight into potential SCN
mechanisms by revealing that SST signaling modulates SCN function in a sex-dependent
manner.
The phenotype of SST knockout mice was specific to males under circadian assays
in which there was already a strong sex difference in wild-type mice. Very few studies have
examined SCN clock function in both sexes (Joye & Evans, 2021), and the present work
provides compelling evidence that central clock circuits are wired differently even though
they function similarly under standard laboratory conditions (i.e., sexual convergence).
When environmental lighting conditions are altered, marked sex differences emerge in
the magnitude and/or type of circadian response to light (i.e., sexual divergence). Notably,
behavioral and SCN responses to long photoperiod were specifically enhanced in Sst-/males, which effectively eliminated the sex difference in SCN encoding seen in wild-type
animals. Lack of SST does not enhance sensitivity in females, suggesting that SST signaling
is especially relevant for circadian robustness in males. Thus, this work reveals a new
sexually divergent clock circuit important for regulating circadian behavior. Sex
differences in SCN SST/Sst signaling may contribute to the differential function of this
circuit, with males displaying a higher percentage of SCN Vip neurons expressing Sstr1,
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daily rhythms in SST/Sst, and photoperiodic regulation of cellular SST. Cellular
upregulation of Sst transcription may be more transient in females, which would be
consistent with our observation that Sst-tdT+ cells are increased by long days in both
sexes. Interestingly, the phasing of maximum Sstr1 resembled that for Vip and Grp
transcript expression in each sex, suggesting that Sstr1 may uniquely modulate Vip/Grp
expression in each sex. My work adds to previous work indicating that SST expression is
sexually dimorphic in the hypothalamus (Argente et al., 1991), and that SST contributes to
sex differences in the function of the hypothalamic-pituitary-adrenal (HPA) axis (Adams
et al., 2015). Further, expression of SST and GABA-synthesizing enzymes have been shown
to be co-regulated and influenced by genetic polymorphisms on the X chromosome
(Seney et al., 2013). Overall, my work reveals that SST modulates SCN function differently
in males and females, and additional work should determine the mechanisms that cause
sexual dimorphisms in central clock circuits.
Future work is needed to understand precisely how SST influences photic
processing and photic responses and why its effects differ by sex. For example, it’s possible
that the Sst-/- phenotype differed by sex due to rhythmic expression of SST/Sst in males
but not females. Perhaps SST/Sst were not rhythmic in females because their levels vary
with the estrous cycle. Thus, the interaction between sex steroids and the phenotypes I’ve
demonstrated in the present work are not known. Future studies testing these ideas could
use gonadectomy and hormone replacement to examine the degree of sexual
differentiation in SCN circuitry and the role of SST signaling. The model proposed in this
dissertation is that SST interacts with VIP signaling to inhibit photic sensitivity specifically
in males. Future work testing this could employ site-specific receptor deletion of SSTRs
within the SCN and test behavioral and SCN responses to long photoperiod, jetlag, and/or
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constant light. Further, to discern relative contribution of organizational and activational
hormone effects, future work may consider employing the four core genotypes model
(Kuljis et al., 2013). This model involves use of mice in which chromosomal complement is
unrelated to gonadal sex, resulting in 4 distinct groups: XX gonadal males, XX gonadal
females, XY gonadal males, and XY gonadal females. The four core genotypes model
would be particularly helpful in testing to relative contribution of sex hormones to the
function of the SCN circuit and the role of SST signaling.
IV. Conclusions
The SCN encodes daily changes in the timing of light and seasonal changes in day
length (e.g., photoperiod) to regulate behavior and physiology. These results reveal that
lack of SST enhances the SCN response to long-day photoperiods and uncovered a marked
sex difference in SCN photoperiodic encoding. Collectively, this work establishes that SST
signaling influences photoperiodic encoding by buffering circadian responses to light and
increasing circadian robustness. Here I identify novel factors and subcircuits within the
SCN by revealing that SST influences photic processing and photoperiodic encoding in the
central clock. Overall, my results indicate that SST is upregulated by light, buffers the
circadian system from changes in the photic environment, and modulates the function of
the SCN network. The inclusion of females in my work revealed sex-specific effects of SST
loss that indicate fundamental differences within the male and female circuit. More work
is needed to ascertain the mechanistic differences in male and female photoperiodic
encoding, but these findings are likely relevant for human health. Up to 80% of people
who suffer from winter depression are women (Magnusson, 2000; Melrose, 2015), and
women report being more “seasonal” (Lyall et al., 2018; Wirz-Justice, 2018). Thus, the
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discovery of a sexually divergent clock circuit regulating responses to long durations of
light may advance understanding of gender disparities in light-driven disease.
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